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Abstract
Squarylium dyes are an attractive group of fluorophores for protein labelling and 
quantification. The synthesis and photochemical characterisation o f a cheap, easily 
synthesised (one-pot), symmetrical squarylium dye, SQ-1, for non-covalent labelling 
of proteins, is described. SQ-1 meets the key criteria for a useable near infrared (NIR) 
probe including: absorption and emission maxima in the red spectral region, excellent 
water solubility, and high chemical and photo stability. The noncovalent labelling of 
proteins is an attractive option as it is a fast method which requires minimal sample 
handling. SQ-1 binds non-covalently to bovine serum albumin (BSA) with K = 2.8 
(±.0.5) x 105 (at pH 7.2, 0.1 mol dm'3 phosphate buffer, I = 0.14), and shows a 4 fold 
increase in the quantum yield when bound in this way. The absorption and emission 
characteristics of SQ-1 make it compatible with commonly used excitation sources 
such as red diode and He-Ne lasers, and avalanche photodiodes detectors. Storage 
under nitrogen or as frozen solution allows use o f working stocks o f SQ-1 over a 
period o f weeks or more without the risk o f significant degradation. Cell imaging and 
viability studies show SQ-1 to have low cytotoxicity and excellent imaging 
characteristics.
The kinetic heterogeneity observed for PtOEP polymer thin films sensor films under 
nitrogen has been shown to be due to a monomer:dimer equilibrium for which the 
kinetic data can be analysed in terms of two exponentials with ki = 0.0527 x 106 s '] 
(dimer), k2 = 0.0101 x 106 s_1 (monomer). The dimerisation constant (Kd) = 790 
(±20) mol-1 dm3 in ethyl cellulose and 990 (±50) mol-1 dm3 in a polyurethane 
hydrogel. At low concentrations PtOEP gives linear Stem-Volmer plots, while 
calibration at all concentrations is possible using the Freundlich isotherm. In 
comparison to an unplasticised film with the same concentration of PtOEP the 
addition o f a plasticiser causes an increase in the kinetic heterogeneity for the decay 
of PtOEP in the absence of oxygen. Using the monomer/dimer model this can be 
understood if the plasticiser shifts the equilibrium towards the dimer. The 
PtOEP/hydrogel sensing system has been evaluated as a dissolved oxygen sensor. The 
kinetic heterogeneity of the sensor is the same whether wet or dry. The sensitivity and 
Stem-Volmer quenching constants of the unplasticised hydrogel thin film sensor are
12
comparable for the wet and dry sensor. The advantageous properties o f the hydrogels 
such as biocompatibility and low protein absorption make this sensing system ideal 
for further studies.
Ormosil probes encapsulated by biologically localised embedding (PEBBLEs) and 
self assembled sensing materials are shown to be convenient ways o f encapsulating 
luminescent dyes before immobilization in a thin film sensor. The optical properties 
and response are unaltered by such a process. The development o f ratiometric sensors 
for both oxygen and pH are described. The sensors are prepared using combinations 
o f analyte sensitive and insensitive nanoparticles and self assembled sensing material 
immobilised in a biocompatible polymer. Using these materials, it is possible to use a 
combinatorial approach to designing colorimetric sensors for oxygen sensing and 
multi analyte sensors for oxygen and pH.
13
Chapter 1 
Introduction
14
1. Luminescent Materials
Luminescent materials are encountered in a wide range of technological and 
biomedical applications, including fluorescent lighting, cathode ray tubes (CRTs), 
electroluminescent displays, X-ray detectors and physical and biomedical sensors. 
Luminescent materials absorb energy from an external source, such as high-energy 
photons, electrons, or chemical reactions, and re-emit the energy as electromagnetic 
radiation. The emitted radiation is usually in the visible and ultraviolet (UV) spectral 
region although infrared (IR) luminescence may also be emitted from some systems 
and this is gaining considerable attention in the field o f biomedical science.
The aim o f the work present here was to develop and evaluate novel and known 
luminescent systems in three different sensing technologies and applications namely: 
1) near infrared probes for non-covalent labelling o f biomolecules; 2) optical thin 
film sensors for oxygen; and 3) nanomaterials for optical analyte sensing. Although 
the requirements for each application are different, they all need lumophores with 
excellent chemical and photochemical properties which show high sensitivity to the 
analyte of choice within the sensing application.
To help place this work in context, this introductory chapter first o f all gives a brief 
overview o f the relevant photochemistry. This is followed by an introduction to 
luminescent materials for protein quantification. Then there is a section on optical 
sensors and current innovations in the field. The chapter ends with a brief overview of 
the work presented in the thesis.
1.2 Photochemistry
1.2.1 Absorption
Upon the absorption o f light by a lumophore, electrons may be promoted from their 
normal ground state configuration to higher, previously unoccupied energy levels, 
resulting in the formation o f high energy, short-lived excited states. The energy o f the 
absorbed photon of light corresponds to the energy difference between the excited and 
ground states. In molecules, an electron is promoted from the highest occupied
15
molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). The 
absorption process occurs very rapidly (1 0 15 s) allowing no time for significant 
displacement of the nuclei; each atom has nearly the same position and momentum 
before and after an electron transition (Franc Condon principle). The excited state 
then decays back to the ground state, losing energy in non-radiative processes and, in 
the case o f lumophores, in the emission of luminescence. Since some o f the excitation 
energy is converted to vibrational and rotational energy in the excited state, the 
emitted luminescence is of lower energy than the original excitation light.
1.2.2 Deactivation of excited states
A molecule containing excess electronic or vibrational energy may undergo a number 
of relaxation processes to return to the ground state, excess energy may be lost via 
radiative decay, characterised by emission o f a photon of light i.e. luminescence. 
Excess energy may also be lost via radiationless energy transfer between vibronic 
levels in the same or lower energy states. Figure 1.1, the Jablonski diagram, represent 
the possible decay pathways from the singlet and triplet state. [1]
1.2.3 Radiative decay mechanism
1.2.3.1 Fluorescence
An allowed radiative transition between states of the same multiplicity, usually a 
sing let-sing let transition. The amount of energy emitted in this process corresponds to 
the energy difference between Si(0) and a particular vibrational level o f So. Because 
this is an allowed transition fluorescence usually occurs on the picosecond to 
nanosecond timescale.
1.2.3.2 Phosphorescence
A forbidden transition between states of differing multiplicity, usually a triplet-singlet 
transition. In the case of phosphorescence, the interconversion from a singlet to triplet 
state is not allowed by spin selection rules, and therefore does not occur readily, and 
generally takes place on a longer timescale than fluorescence, usually in the 
microsecond to second time range.
16
1.2.4 Non-radiative decay mechanism
1.2.4.1 Internal conversion and vibrational relaxation
Radiationless energy transfer between vibronic states of the same multiplicity i.e., 
when an excited molecule in the S2 state deactivates to the Si state. In this process, the 
excess energy is dissipated in the form of heat.
1.2.4.2 Intersystem crossing
Radiationless energy transfer between vibronic states of differing multiplicity.
1.2.5 Selection rules for optical transitions
The excitation and relaxation of electronic energy states are governed by two 
selection rules which indicate the feasibility o f a transition from one state to another. 
These selection rules arise due to the requirement that angular momentum must be 
conserved during a transition and that a photon has one unit o f angular momentum.
1.2.5.1 Spin selection rule: ( A S  = 0)
All radiative and non-radiative transitions are strictly forbidden between states of 
different multiplicity in the zero order approximation, which assumes that there is no 
interaction between states, i.e. they are “pure”.
1.2.5.2 Laporte selection rule:
For complexes with a centre of inversion, the only allowed transitions are those 
between states of different parity (i.e. wavefunctions with different symmetry). 
Therefore u~^g and g—>u transitions are allowed but u—>u and g~^g  transitions are 
forbidden. Thus, the d-d  and f - f  transitions observed in transition metal and lanthanide 
complexes respectively are formally Laporte forbidden.
17
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1.2.5.3 Breakdown o f  the selection rules
Selection rules may be broken when mechanisms for coupling momenta occur or 
there are external perturbations. The following mechanism have been identified as 
causing the failure o f selection rules governing optical transitions:
• direct electronic coupling of Ti with Sn;
• indirect electronic coupling of Ti with Sn via an intermediate triplet;
• elimination of a centre o f symmetry via an asymmetrical vibration.
An electron orbiting the nucleus generates both spin and orbital magnetic moments. 
The interaction between spin and orbital magnetic moments is known as spin-orbit 
coupling. Spin-orbit coupling provides a magnetic “torque” capable o f flipping the 
electron spin magnetic moment, and, can also provide a means o f conserving total 
momentum by coupling a “spin-flip” with a compensating orbital jump. Thus, 
changes in spin momentum may be balanced by a change in orbital momentum; 
consequently the total angular momentum of the system is conserved. A second, 
weaker interaction between the magnetic moments of neighbouring electrons may 
also occur (spin-spin coupling), however in practice spin-orbit coupling dominates the 
breakdown of the spin-selection rule. Spin-orbit coupling mixes singlet and triplet 
states so that transitions become allowed to an extent which depends on the magnitude 
of the spin-orbit coupling constant. The strength o f the coupling depends on the 
relative orientations of the spin and orbital magnetic moments and the nuclear charge 
on the atoms involved. The greater the nuclear charge, the greater the current 
generated by the electron orbital angular momentum, and thus the stronger the 
magnetic field. Since the spin magnetic moment interacts with this orbital magnetic 
field, it follows that the greater the nuclear charge, the stronger the spin-orbit 
interaction. Consequently, the degree of spin-orbit coupling increases dramatically 
with atomic number. For first row elements, such as C, N or O, the magnitude o f spin- 
orbit coupling is smaller than the energy of vibrational couplings (~ 4-20 kJ mol'1). 
[4] However, with increasing atomic number the magnitude of spin-orbit coupling 
begins to approach the value o f electronic energy gaps (~ 80-125 kJ m o l1) and strong 
electronic interactions such as spin inversion can occur on a timescale comparable to 
that o f electronic motion. The heavy atom effect is a manifestation of this 
phenomenon, whereby the rate of a spin forbidden process is enhanced to an extent
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where it becomes partially allowed, due to the presence o f an atom o f high atomic 
number, which is either part of, or peripheral to, the excited molecule.
1.2.6 Quantum yields and Lifetime
Fluorescence lifetime and quantum yield are key characteristics for a fluorophore.
The quantum yield is the number of emitted photon relative to the number o f absorbed 
photons. The processes governed by the emissive rate of the fluorophore, T and its 
non radiative decay to So (<kr). The fraction of fluorophores which decay through 
emission and hence the quantum yield is given by
Q =
r
r+k.
( i . i )
The lifetime determines the time available for the fluorophore to interact with or 
diffuse in its environment, and is defined as the average time the molecule spends in 
the excited state prior to return to the ground state.
t = f V  (L 2 )r + k„
The lifetime o f the fluorophore in the absence o f non-radiative processes is called the 
natural lifetime
d - 3)
In principle the natural lifetime o f a fluorophore can be calculated from the absorption 
spectra, extinction co-efficient and emission spectra o f the fluorophore, the radiative 
rate constant can be calculated using the Strickler-Berg relationship. [3]
The natural lifetime can be calculated from the measured lifetime and quantum yield.
(1-4)
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1.2.7 Quenching
The deactivation o f an excited state lumophore (L*) to the ground state by another 
molecule, is known as quenching. [4]
7.2.7.1 Oxygen Quenching
Oxygen quenching is diffusion-limited and results in dynamic quenching o f the 
excited state. When a quencher (e.g. O2) and the excited state interact, energy is 
transferred from the excited state to the quencher. This results in the deactivation of 
the lumophore to the ground state and excitation of the quencher.
L* + 0 2 -> L  + 02* (1.5)
The lifetime o f the luminescence is thus decreased by the presence of oxygen and the 
quenched luminescence lifetime,!, is given by:
T = ------------- --------------- (1.6)
( k r + k „  + k [ O 2])
x = where kq is the quenching rate constant, kr is the radiative rate constant, and knr 
represents the combined rate constant for non-radiative deactivation pathways (i.e. kISC 
and kIC), where ISC is intersystem crossing and IC is internal conversion.
1.2.7.2 Stem-Volmer analysis
In general the results o f quenching studies are discussed in terms o f Stem-Volmer 
analysis of emission data. For a homogeneous system with lumophore, L, which 
decays naturally by a first order process, kn, and which is dynamically quenched by 
oxygen, with a rate constant kq, the rate of decay o f the excited state o f the lumophore, 
L*, is given by:
-d[L*]/dt = (kn +kq[02])[L*] (1.7)
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For a homogeneous system, the decay o f luminescence is expected to decay 
exponentially and there should be a linear relationship between the quenching 
efficiency, i.e. Io/I or t /t o , and [O2]. Given by
I o / I ^ + T o k q t c y  (1 .8 )
Where Io is the emission intensity in the absence o f oxygen, I is the emission intensity 
in the presence o f oxygen, To is the lifetime in the absence o f oxygen, kq the 
bimolecular rate constant for oxygen quenching and [O2] is the concentration o f 
oxygen. The equivalent kinetic equation sees Io/I replace with xo/x where TjS the 
lifetime in the presence o f oxygen at concentration [O2].
Although fluid solution studies usually yield linear Stem-Volmer plots, a 
characteristic o f polymer encapsulated lumophores is a Stem-Volmer plot with 
downward curvature. This leads to problems with calibration and the usefulness o f the 
sensors. A second common feature of oxygen quenching for almost all 
polymer/lumophore combinations is a non-exponential emission decay in the presence 
o f oxygen. [5-16]
Since ground state oxygen is a triplet, quenching o f a lumophore triplet state by 
oxygen is known as triplet-triplet annihilation. Spin statistics show that only 1 out of 9 
possible triplet-triplet spin combinations results in the formation of singlet products 
and the rate constant for energy transfer quenching by oxygen of triplet states in fluid 
solution, is usually ca. 1 /9th that for quenching of singlet states.
1.2.8 Perception of colour and colour representation
For the applications o f interest to this work, the lumophore emission colour is 
extremely important. Since colour is a subjective phenomenon, the description o f 
colour differences can be quite challenging. The CIE (Commission Internationale de 
l’Eclairage) system o f colorimetry provides a numerical description o f colour, known 
as x,y colour coordinates, that is based on the sensitivity o f the human eye to light 
across the visible spectral region. [17-18]
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Colour perception in humans is initiated by the absorption o f light by three different 
spectral classes o f cone cells present in the retina. Each class exhibits a different but 
overlapping spectral sensitivity, designated a s X x , X y  and X z  , with maximum values 
at ca. 419, 531 and 558 nm respectively. The sum o f the differing sensitivities is 
called the photonic response and displays a maximum value at 555 nm.
Colorimetry and the trichromatic perception of colour are based on Grassmans’ laws. 
[17-18]
(i) Any colour may be matched by a linear combination o f three other primary 
colours, provided that none of these may be matched by a combination of the other 
two.
(ii) A mixture o f any two colours can be matched by linearly adding together the 
mixtures o f any three other colours that individually match the two source colours.
(iii) Colour matching persists at all luminances.
1.2.8.2CIE system of colorimetry
In practice, experiments on the additive mixture of light prove that there are no three 
colours which when mixed additionally can duplicate all spectral colours. Whilst the 
mixture may exhibit the required spectral hue, it generally fails to duplicate the 
required saturation for that colour. The only approach to obtain a perfect match is the 
addition of a “negative” colour, to desaturate the spectral hue. To overcome this 
problem in 1931 the CIE defined a system based on colour coordinates to characterise 
the colour properties of light. The primary colours (X, Y  and Z) in this system are 
theoretically defined super-saturated colours, which lie outside the bounds o f the 
spectral locus and as a consequence they eliminate the use o f negative colours. An 
example o f a CIE chromaticity diagram is shown in figure 1.2. [17-18]
In order to standardise this system, the CIE defined a secondary standard observer based 
on the differing sensitivity of the three classes of human cone cells. Consequently any 
colour, C, of wavelength, X may be expressed as:
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C , = x , X  + y i Y + z l Z (19)
where X, Y, Z are the system primaries (known as tristimulus values) and xx .y^andz^  are
the colour matching functions as determined at a given wavelength from figure 1.6. Since 
the colour matching functions are non-negative over visible wavelengths, any colour may 
be matched by three positive values.
The X \ , y kandz} terms may he used as weighting functions to determine the X, Y and  
Z  tristimulus values that characterise the emission colour of luminescence data across 
the visible spectrum according to
TOO
■ I * E , (  A/i)
,1=380
700
U x • Ex (AT)
,1=380
700
Y j x •£i(AA)
The x and y  chromaticity coordinates are typically plotted in a two-dimensional grid 
known as the (x,y)-chromaticity diagram (figure 1.2). The curve is made o f  the pure 
colours from the blue to the red, covering the entire visible spectrum (380-770 nm) and 
is known as the spectral locus. The centre o f  the diagram is taken as the white poin t, 
whose coordinates are designated as (0.33, 0.33).
Figure 1.2 The CIE (x,y)-chromaticity diagram.. [17,18]
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1.3 Near infrared luminescent materials for biological labelling
1.3.1 Background
Optical probes for labelling o f biomolecules are widely used in science and clinical 
analysis. [19-25] The development o f novel methods and new techniques for protein 
determination is extremely important in a number o f areas including chemical and 
biochemical analysis, biotechnology and immuno diagnostic s. [25-26] The 
quantification of proteins is important in clinical medicine and analytical 
biochemistry. [27]
There are several colorimetric methods for the determination of protein involving the 
binding o f dyes to proteins including the buiret reaction [28] and the Lowry assay. 
[29] The Lowry assays are based on reduction o f Cu to Cu by amides. The assays 
require the preparation of several reagent solutions, which must be carefully measured 
and mixed during the assay. This is followed by lengthy, precisely timed incubations 
at closely controlled, elevated temperatures, and then immediate absorbance 
measurements of the unstable solutions. Both assays can be affected by other 
substances frequently present in biochemical solutions, including detergents, lipids, 
buffers and reducing agents.[29] In 1976, Bradford [30] introduced the Coomassie 
brilliant blue method, a colorimetric protein assay, based on an absorbance shift in the 
dye Coomassie when the previously red coomassie reagent changes and stabilizes into 
coomassie blue by the binding of protein. This method is characterized by high 
sensitivity and short reaction time. The Bradford assay is faster, involves fewer 
mixing steps, does not require heating, and gives a more stable colorimetric response 
than the assays described above. Like the other assays, however, its response is prone 
to influence from non protein sources, particularly detergents, and becomes 
progressively more nonlinear at the high end of its useful protein concentration range. 
However, there is a slight nonlinearity in the response pattern because of an overlap in 
the spectrum of the bound and unbound dyes. [30]
Luminescence techniques have attracted particular attention. Sensitive 
spectrofluorometric methods also have been developed for the determination o f 
protein in solution, such as the NanoOrange protein quantitation assay,[31] CBQCA 
protein quantitation assay,[32] fluorescamine method and OPA method. [33]
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The use o f intrinisic amino acid absorption and fluorescence can be a used as a simple 
and non-invasive method for determining protein concentrations. Amino acids, 
trypthophan, tyrosine and phenyl alanine absorp at 280, 276 and 257 nm respectively. 
However, proteins have, by their very nature, poor UV absorption, and this method 
always suffers interference from accompanying substances and matrices which show 
absorption in the ultra-violet region. [34]
Most protein assays are run in the visible region and have serious background 
interferences from coexisting biomolecules. The fundamental barriers to the use o f 
optical techniques for protein determination and imaging in vitro and in vivo are high 
light scattering, auto fluorescence, and high absorption by endogenous particles o f the 
skin and tissue. Hemoglobin (Hb), myoglobin, melanin and other heme proteins 
absorb visible light significantly in certain tissues. [35-36] Use o f red and near- 
infrared light is the most basic step towards improved imaging. [35] Moving to near- 
infrared wavelengths confers other advantages for imaging mammalian tissues: less 
background fluorescence is excited, since autofluorescence in tissues (mainly due to 
pyridine nucleotides, folates, and flavins) is mostly excited by near ultraviolet and 
blue light; and less autofluorescence interferes, since fluorescence from most 
mammalian tissues peaks in the yellow and is very low beyond 650 nm. Raleigh and 
Raman scattering are also reduced at higher wavelengths. For both processes the 
scattering intensity depends on l/^4 and operating at high wavelength improves the 
signal to scattering ratio. In addition sample decomposition is generally reduced when 
compared to lower wavelength excitation because of the lower photon energy.
Limitations on extending optical imaging even further toward the infrared are set by 
water absorption; not only are excitation and emission wavelengths attenuated, but 
significant heating of tissue is induced. The high concentration o f water in tissues 
assures that its absorbency dwarfs contributions by other tissue components. If 
imaging at millimeter to centimeter depths is to be done with minimal signal 
attenuation and sample heating, the most favourable windows are below 950 nm and 
in the small window of reduced absorbancy between -1000-1100 nm. Of course, for 
imaging at shallow depths, more absorption is tolerable and 1300nm wavelengths 
have been used for both optical coherence tomography [36] and confocal scanning 
reflectance microscopy. [37] A balance is needed between reduced scattering and 
increased water absorption as wavelength moves beyond 950nm: because scattering
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dominates in some tissues, high absorbency by water and other tissue components 
may be tolerated in order to get improved light output and better resolution. [38-39]
1.3.2 Dyes fo r  the Near Infra Red (NIR)
The use of, dyes which emit in the near infrared region (600-1000 nm) is a rapidly 
developing area o f research. [40-42] The photophysical properties of near infrared 
dyes have resulted in their use in a variety o f applications including: photodynamic 
therapy, silver halide sensitizers, laser diodes and optical data storage. Recently NIR 
dyes have been found to have considerable applicability in protein based assays. In 
comparison to the ultraviolet and visible regions, NIR fluorescence has several 
advantages.
Since NIR wavelengths can effectively penetrate through skin and overlaying tissue 
There is the possibility of developing non-invasive clinical diagnostics, such as blood 
glucose monitoring. [43] Other materials such as plastics, glass, cloth and turbid 
water, paint and some building material are also transparent in the NIR regions. This 
suggests that NIR dyes may be useful in a wider variety of applications than the 
biomedical uses discussed here. [44] Experimentally excitation in the NIR can be 
accomplished by using cheap, stable and compact diode lasers and sensitive and 
stable NIR avalanche photodiode detectors are now readily available at relatively low 
cost. [45-46]
1.3.3 Organic fluorophores
1.3.3.1 Xanthene dyes
Fluorescein is an example o f a classical xanthene dye. [47] Its absorption and 
emission wavelengths correspond closely to that o f protein bound billirubin. [48] 
Texas red and derivatives are shifted to longer wavelengths, with rhodamine 800 
fitting most of the criteria for a NIR dye including excitation bands at 635nm, which 
is suitable for diode lasers. However protein interactions with rhodamine 800 result in 
only small fluorescence enhancements and give a blue shifts in the emission, making 
it unsuitable as a fluorescent protein probe. [49]
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1.3.3.2 Phenoxazine dyes
Cresyl violet and nile red [50-51] have both been identified as potential protein labels 
and probes. Nile red finding application as a polarity sensitive probe in protein 
misfolding and amyloid fibril studies. [52] Oxazine 750, [53] has an excitation 
wavelength well suited to 660-670 nm diode laser and is used in methods for the 
identification and characterization o f reticulocytes in whole blood. [54]
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Table 1.1. Properties o f some commonly used semiconductor emitters. DL represents 
diode laser and LED represent light emitting diode. [55]
Peak emission Emitter
type/nm
SC
material
515 DL ZnCdSe
555 LED
555-605 LED GaP
590-630 LED AlGalnP
630-690 DL and LED AlGalnP
660-889 DL and LED AlGaAs
940 DL GaAs
980 DL InGaAs
1300-1550 DL InGaAsP
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1.3.3.3 Carbocyanine and merocyanine dyes
There are numerous examples of carbocyanine dyes and their derivative in the 
literature. They have, for example, been employed extensively as: spectral sensitizers 
for silver halide photography and other inorganic large band-gap semiconductor, [56] 
recording materials in optical disks, [57] lasering materials, [58] light harvesters in 
model systems for photosynthesis, [59] photorefractive materials, antitumor agents 
[60] and as probes for biological systems. [61-71] The propensity o f carbocyanines to 
photooxidise makes them useful in photographic film. [72] Cyanine dyes have 
widespread use as laser dyes due to their availability, high extinction co-efficient, 
adequate quantum yields and small Stokes shifts. Cyanine dyes exhibit an increased 
fluorescence in non polar solvents due their propensity to aggregate in polar media. 
The most promising class o f cyanine dyes for protein labelling are the covalent 
derivatives designed by Waggoner et al. and Research Organics. [73] The reactive 
fluorophores have emission peaks at 550nm, 650nm and 750nm for CY3, CY5 and 
CY7 respectively, with isothiocyanate and N-hydroxysuccinimide groups for covalent 
attachment to proteins. The extensive conjugation in the dye molecule increases the 
chemical and photochemical instability which can result in photobleaching and 
shortened shelf-life. This instability may be reduced by appropriate dye design such 
as incorporating the polymethine chain into a cyclic structure. Indocyanine green 
(ICG) is a cyanine dye that is currently approved for use in vivo as a probe o f liver 
function and blood volume determination. [74-75]
1.3.3.4 Squarylium dyes
Squarylium cyanine dyes offer improved photo stability over simpler cyanine type 
dyes. [76] also the squarate residue shifts the absorption and emission maxima to 
longer wavelengths.
Much like the analogous polymethine cyanine dyes, Squarylium dyes have attracted 
attention mainly because o f their potential applications as photoconductor 
photoreceptors, [77] and in photodynamic therapy, [78] optical recording media, [79] 
nonlinear optics, [80] and organic solar cells. [81]
Examples o f both symmetrical and asymmetrical squarylium dyes are known in the 
literature. A study by Terpetschnig suggests that symmetrical squarylium dyes have 
better photostability. [83-85] They show a strong non-covalent binding to proteins
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with a concomitant bathochromic shift and increase in fluorescence intensity. Oswald 
and co-workers determined protein concentration using fluorescence spectroscopy. 
[86] The group compared the fluorescent properties o f squaraine carbocyanine dye 
Sq635-b-NHS-ester with the commonly used noncovalent protein label Cy5. Quantum 
yield values for Cy5 were reported to decrease considerably in the presence o f protein 
while Sq635-b-NHS-ester which exhibits a low quantum yield in water (cp = 0.15) 
gave a much high quantum yields ((p = 0.6-0.7) when bound to protein. The molar 
absorptivities for Cy5 and Sq635-b-NHS-ester were reported to be 250000 and 
140000 L mol'1 cm '1 respectively. Due to the high extinction coefficient and quantum 
yield o f the squaraine dye, detection limits in whole blood were twice as low as Cy5. 
Several example of squarylium probes for use in capillary electophoresis are known 
due to their non covalent binding abilities, as discussed in chapter 3.
Squarylium dyes have also found uses in the area o f studying protein-lipid complexes 
which is important for understanding molecular self assembly and the role of 
membranes and lipids in physiological and pathological processes. [87] Volkova et 
al. have recently shown the potential use o f squarylium dyes for distinguishing 
between native and fibrillar proteins associated with neurodegenerative diseases such 
as Parkinsons and Alzheimers disease. [88]
Due to the ease o f synthesis o f squarylium dyes, [90-91] several groups have designed 
squarylium optical ion sensors. [91,92] NIR dyes for optical sensing of ions afford the 
advantages of having absorption and emission spectrally removed from that of 
biological material making them particularly well suited for intracellular sensing and 
imaging.
1.3.3.5 Other NIR probes
Both metallated and non metallated phthalocyanines and napthalocyanines emit in the 
NIR and show exception stability. Substitution o f the macrocycle improves the 
solubility o f the dyes, with sulfonated phthalocyanines being water soluble. Transition 
metal polypyridyl complexes containing osmium emit from charge transfer bands at 
longer wavelengths that the ruthenium derivatives, which have gained so much 
attention due their favourable properties in solar energy and immunoassay research. 
Molecular probes/Invitrogen have produced a series of Bidipy derivatives that show 
considerable promise as protein labels, the longest wavelength derivatives emitting at 
just below 700 nm. [94]
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1.4 Luminescent optical sensors
A chemical sensor is a device capable o f providing continuous real-time chemical 
information about a sample o f interest. [95] Optical sensors represent a group of 
chemical sensors in which electromagnetic radiation is used to generate the analytical 
signal in a transduction element. These sensors can be based on absorption, 
reflectance, luminescence and fluorescence, covering all regions o f the spectra. 
Luminescence based optical sensor are abundant in the literature. Emission 
parameters that can be measured include: intensity, decay time, anisotropy, quenching 
efficiency, and luminescence energy transfer. [96-98, 126, 100]
It is the ability o f optical materials to give a rapid real time responses to a diverse 
range o f analytes, with unmatched sensitivity, together with compatibility with other 
sensing technologies such fibre optics [99] and LED excitation, [100] which makes 
optical sensing technologies so exciting.
1.4.1 Oxygen sensors
Polyaromatic hydrocarbons (PAHs) were the first lumophores to be extensively used 
in the development o f luminescent thin film oxygen sensors. PAHs are efficiently 
quenched at ca. 400 Torr oxygen [101-108], but their short natural lifetimes (10-100 
ns) mean they are less suitable for low pressure sensing applications. Transition metal 
complexes, such as ruthenium diimines were first identified as being susceptible to 
oxygen quenching in solution in 1977. Demas and co-workers later showed that thin 
film oxygen sensors could be prepared by incorporating these complexes into silicone 
films. [101,103]
Transition metal complexes exhibit relatively long natural lifetimes (ca. 0.6 to 5 p s) 
Good molar absorptivity and photo- and thermal stability, reasonably high quantum 
yields o f luminescence, and often absorb and emit in the visible.[101-108] Attention 
has focused primarily on ruthenium polypyridyl complexes such as [Ru(dpp)3]2+
2~b 2 i[Ru(bpy)3] and [Ru(phen)3] . Mills et al introduced the idea o f ion paring with a 
hydrophobic anion such as tetraphenyl borate or dodecyl sulphate to improve polymer 
compatibility. [105]
The use o f metalloporphyrins have dominated the development o f more sensitive 
optical oxygen sensors. Platinum and palladium porphyrins remain the most
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commonly used lumophores as they have high quantum yields (ca. 0.4-0.9 and 0.1-0.2 
repsectively), exhibit long lifetimes, are compatible with hydrophobic polymers, and 
have excitation and emission wavelengths in the visible. [110-119] Modification of 
the porphyrin ring by the addition of alkyl or ketone groups produces lumophores of 
different natural lifetime and oxygen sensitivity. Pt and Pd octaethylporphyrins 
(PtOEP, PdOEP) remain the most widely used lumophores for oxygen sensor 
applications, but other derivatives such as PtTFPP [120] and PtOEPK [121] are 
receiving increasing attention due to their enhanced photostability.
1.4.1.2 Dissolved oxygen
Although there has been much work on gas phase oxygen sensors there is little 
literature on the use of metalloporphyrins as optical sensors for dissolved oxygen. 
[122-126] One group reports the design of dissolved oxygen sensor based on PtOEP 
in a fluorinated polymer but this gave a very non-linear response. [122] Other 
examples o f dissolved oxygen sensors include the use of erythrosin B encapsulated in 
a so 1-gel [123] and in a sol-gel/fluoropolymer combination. [124] However, the 
response o f these sensors also show considerable deviation from linearity.
1.4.2 Halothane sensors
Halothane (2-bromo-2-chloro-l,l,l-trifluoroethane) is an inhalation narcotic 
frequently used in anesthesia and effectively quenches the decacyclene fluorescence. 
The fluorescence of decacyclene is quenched by molecular oxygen and aryl and alkyl 
halides. The cross sensitivity o f decacyclene has lead to the development o f sensors 
incorporating a second oxygen sensitive reagent to monitor the oxygen interference. 
[127]
1.4.3 Sulphur dioxide
Sulphur dioxide monitoring in air and in combustion gases is important in industry 
and environmental science. [128] Polycyclic aromatic hydrocarbons are effectively 
quenched by sulphur dioxide, and example of lumophores used in SO2 sensors include 
fluoroanthene, benzo(b)fluoroanthene and pyrene. Wolfbeis et al. [127] have designed 
a fibre optic SO2 sensor by dissolving benzo(b)fluoroanthene in a silicone polymer. 
Additional lumophores are required due to the cross sensitivity o f the lumophore to
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olefins and alkyl bromides, the sensors was found to have a response time less than 60 
s and a useful analytical range of 0-6% detection range in air.
1.4.4 Halide
The sensing o f halides is important for environmental analysis particularly in ground 
and waste water. [129] Quinolinium (6-methoxy-N-(3-sulfopropyl) quinolinium SPQ) 
and acridium (3,6-bis(dimethylamino)acridine SPA) compounds are dynamically 
quenched by halide ions. Sensors have been prepared by covalently attaching these 
lumophores to a glass surface. These sensors having a sensitivity in the mMol range 
for chloride (lOmM), iodide (0.4mM) and bromide (0.15mM) and a response time of 
40 s in a flow-through cell. [130-131]
1.4.5 Humidity
The design o f humidity sensors based on silica gel absorbed perylene dyes has been 
described. [132-133]
1.4.6.1 Oxygen sensors as transducers
Many chemical and biochemical reactions produce or consume oxygen which can 
lead to a change in emission o f an oxygen sensitive lumophore. A catalyst for a 
particular reaction involving oxygen production or release can also be immobilised in 
the sensor, and if the catalyst is biologically active, such as an enzyme, a simple 
biosensor can be constructed.
1.4.6.2 Hydrogen peroxide
Sensors based on the dynamic quenching o f ruthenium-(II)-tris(bipyridyl) by oxygen 
produced by decomposition of hydrogen peroxide have been reported. [134-136]
The decomposition o f hydrogen peroxide by the enzyme catalyse, or silver powder, 
yields water and oxygen,
2H20 2^ 2 H 20  + 0 2 (1.11)
and the concentration of oxygen can then be related to the hydrogen peroxide 
concentration. Wolfbeis et al. [134] described a fibre optical hydrogen peroxide 
sensor based on co-immobilisation o f catalase and an oxygen sensitive dye 
immobilised on silica gel embedded in a silicone polymer, A second sensor based on
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the use of silver powder applied as a second layer showed improved long term storage 
stability. [136]
1.4.63 Glucose
Optical glucose sensors have been the subject o f much research due to its importance 
in biomedicine and biotechnology. [137-139] If  a sensor incorporates the enzyme 
glucose oxidase, which mediate the air oxidation of glucose according to equation 
1.12, then the consumption of molecular oxygen can be used to obtain the 
concentration of glucose.
D-glucose + O2 —> D-gluconolactone + H2O2 (1-12)
Glucose oxidase is commercially available, inexpensive and extremely stable. Such 
sensors have been designed using glucose oxidase covalently attached to a nylon 
membrane which was fixed on an oxygen sensitive layer consisting o f solubilised 
decacyclene dissolved in silicone. Improved sensitivity was achieved by replacing the 
nylon membrane with a glutaraldhyde-crosslinked enzyme layer. Differing sensing 
schemes based on sol-gel technology have been described. [203,206]
1.4.6.4 Biosensors
In theory, the sensing scheme for glucose is applicable to all enzymes that consume 
molecular oxygen during their enxymatic reaction. [140] A small number of oxidases 
and oxygenases have been designed and tested. The main problem with the sensor 
design is the long term stability o f enzyme. Table 3.2 lists the biosensors that have 
been designed in this way.
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Table 1.2 Optical sensors based on oxygen optodes as the transducers. [141-142]
Substrate Enzyme
L-Lactate L-Lactate monooxygenase
L-Lactate L-Lactate oxidase
Cholesterol Cholesterol oxidase
Ascorbic acid Ascorbic acid oxidase
L-glutamate L-glutamate oxidase
Hypoxanthine Xanthine oxidase
Ethanol alcohol oxidase
Tyrosine Tyrosine oxidase
Phenol Phenol oxidase
Catechol Catechol oxidase
Urea Urea oxidase
36
1.4.7 pH and carbon dioxide sensors
Biochemical processes frequently involve protonation and deprotonation o f 
biomolecules, leading to changes in pH. A number of important biological 
phenomena including: calcium regulation, chemotaxis, neuronal activity, cell growth 
and division, are highly dependent on pH. Optical sensors for pH based on changes in 
absorbance, [143] intensity [144] and lifetime [145-146] are known.
Fluorescent pH probes have been used in studies relating to cancer, cell proliferation 
and endocytosis. [147-150] It is well established that the pH o f interstitial fluid in 
malignant tumours tends to be higher that normal tissue. The pH dependent change in 
the fluorescence properties o f 5,6 carboxyfluoroescein and it low cyctotoxicity makes 
it an ideal candidate for intracellular pH sensing. [151-152] Conjugation of 
fluorescein isothiocyaninate (FTIC) to proteins and sugars see’s the retention o f the 
pH sensing properties, making them potential candidates for FITC labelled antibodies 
for site specific intracellular pH sensing. [153-154] One of the key problems 
associated with the UV/vis absorbing and emitting dyes is poor visualisation in 
biological media such as tissues and blood. The sensitivity is low because endogenous 
chromophores also either absorb or emit in this range. However, new NIR fluorescent 
pH sensors based on cyanine dyes absorb between 600-700 nm with emission 
between 600 to 800nm have been reported with pKo values in the physiological 
range. [155]
Characteristics for an ideal biomedical optical thin film pH sensor should include the 
following.
■ pKa in the physiological range
■ Easily immobilised in a suitable polymer
■ Excitation wavelength compatible with inexpensive plastic fibre optics
■ Non toxic
■ Rapid response
■ Reversible response
One of the inherent drawbacks o f early pH sensors was the leaching o f dyes from the 
sensor. Early attempts saw phenol red and neutral red immobilised on activated 
diacetylcellulose. [156] The stability of the linkage groups is a very important factor,
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ester linkages and acidamide linkages are not stable in very acid or alkaline 
conditions. An attempt to covalently immobilise phenol red in microspheres, 
produced a sensor with limited useable lifetime due to the hydrolysis o f the acidimide 
linkage. Activation o f phenol red with formaldehyde to produce hydroxyl methyl 
groups reacted with polyvinyl alcohol (PVA) to produce a thin film sensor with good 
spectral and stability characteristics. [157]
Optical sensors for the determination o f carbon dioxide play an important role in 
several environmental, industrial and biological processes. Here, detection limit and 
insensitivity to humidity are often the most important sensor parameters. [158] 
Typically, optical CO2 sensors are based upon the immobilisation o f a pH sensitive 
indicator. [159]
Carbon dioxide and acidic gas sensors can be classified as wet (liquid phase) or dry. 
The wet or liquid phase carbon dioxide sensors use a pH sensitive dye in an aqueous 
medium containing sodium carbonate immobilised in a gas permeable, ion 
impermeable membrane. [160] The basic principle are simple and similar to those of 
the Severingus carbon dioxide electrode. A disadvantage o f the wet sensor is 
sensitivity to the water pressure or osmotic pressure of the system, which if 
significantly different to that of the sensor can leading to either hydration or 
dehydration of the sensor and the need for recalibration. Dry sensors circumvent the 
need for the sodium bicarbonate layer by the incorporation o f phase transport agents 
(PTA’s) such as tetraoctyl ammonium hydroxide which, when mixed with a pH 
sensitive hydrophilic indicator dye, form ion pairs that can be dissolved in non- 
aqueous hydrophobic solvents. [109]
1.5 Materials for optical sensors
1.5.1 Sol gel
Sol gel technology offers an alternative to conventional glass production, enabling the 
final product to have high homogeneity and purity. The excellent optical properties 
and ease o f preparation has seen the design o f a number o f sol gel, and more recently 
organically modified sol gel (ormosils), based sensors. [161-162]
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The basic sol gel process can be represented by the following equation (1.11)
Si-(OR)4 + (4-X)H20  -► SiOx(OH)4.2x+ 4R-OH (1.11)
Sol gel characteristics, such as porosity, surface area, and refractive index, are
determined by factors such as: type of precursor, pH, nature and concentration of 
catalyst, H2O: Si molar ratio, co-solvents, temperature and drying time. [162] Sol gel
based sensors can be either hydrophilic or hydrophobic in nature.
1.5.2 Polymers and membranes
Commonly used polymer in optical sensors may be divided into:
(i) silicone polymers e.g. poly(dimethylsiloxane). [163-164]
(ii) organic polymers e.g. polystyrene, [165] poly(vinylchloride) and 
poly(methylmethacrylate). [166]
(iii) fluoropolymers e.g. poly(2,2,2-trifhioroethylmethacrylate). [167]
(iv) cellulose derivative polymers e.g. ethyl cellulose and cellulose acetate butyrate. 
[168, 169]
The properties o f the sensor film will strongly depend on the properties o f the 
polymer matrix, and in particular, its permeability to gases, P. Table 3.3 summarises 
the oxygen mobility parameters of some common polymers (oxygen diffusion (D), 
permeability (P) and solubility (S) constants). [170] There has been considerable 
interest in new and innovative supports for oxygen sensing material. Ruthenium and 
porphyrin based lumophore have been adsorbed onto mesoporous silica and thin layer 
silica and alumina chromatography plates. [171-173] Gaseous and dissolved oxygen 
sensors have also been produced using organically modified silicates, class II 
xerogels, as supports. [174-175]
1.5.3 Hydrogels
Hydrogel polymers have gained much attention for use in biomedicine. [176-179] 
Typical example o f hydrogels include: cellulose, dextrans, polyacrylamides and 
polyurethanes. Polyurethane hydrogels have recently been used in a variety o f sensing 
applications and in commercial instrumentation, and sensors for water soluble 
analytes such as urea, glucose and hydrogen peroxide have been described. Those
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most useful hydrogels for optical sensors are expected to be insoluble in, but highly 
permeable to, water and aqueous samples including serums. In many cases these 
properties can be controlled by their monomer composition. [178] Several examples 
of micro and nanoparticles immobilised in hydrogel polymers for optical pH, oxygen 
and temperature have been described. [194-196]
1.6 Innovations in optical sensing
1.6.1 Innovations in sensing materials
1.6.1.1 Quantum dots
Quantum dots (Q-dots) are considered as semiconducting materials that are neither 
small molecules nor bulk solids. Typically they are sulphides or selenides of 
cadmium. [180-184] The Q-dots have diameters ranging from 3-30nm and are highly 
fluorescent non bleaching fluorophores with narrow symmetric emission spectra 
ranging from the UV to NIR spectral range. The colour can be tuned by changing the 
size and material as shown in table 1.4
Table 1.4 Materials used to make quantum dots and their characteristic emission
wavelengths. [181-184]
Material Emission wavelengths
CdS Uv blue emission
CdSe Visible
CdTe Near and far IR
The largest potential use o f Q-dots is in biosensing where surface modification with 
both hydrophobic and hydrophilic materials enables sensing in both lipid and aqueous 
environments respectively. The surface can also be used for conjugation to proteins, 
oligonucleotide, biotin and avidin. Yet surface charge, limited excitation wavelengths 
aggregation and nonspecific binding limit their usefulness.
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1.6.1.2 Molecular imprinting (MIP)
Polymeric networks can be used to create materials with cavities of specific shape and 
size for a specific analyte template. [188-192] They can be prepared from 
hydrophobic or hydrophilic polymers including crosslinked polyacryamides and 
polyacrylates. Optical and mass-sensitive devices are suitable for trace analyses down 
to the ppb range. Imprinted polymers can be combined with pre-organized 
supramolecular hollows, which lead to further improvements in selectivity and 
sensitivity. Use o f a colorimteric or chromametric dye has for amine has successfully 
been designed. [188] The MIPs have been termed plastic antibodies and may offer an 
alternative to current immunosensors and may even be capable o f mimicking 
antibodies and bio molecular receptors. [192]
1.6.1.3 Organic conducting polymers (OCP)
OCPs are obtained by chemical or electrochemical polymerisation o f organic 
monomers such as anilines, pyrroles or thiophenes. The fluorescence o f the materials 
is not particularly selective and spectral changes can be induced by pH, and acid gases 
such as HC1, SO2 and ammonia. Coating the OCP with a polymer also allows the 
material to sense these gases in aqueous environments. The response to pH changes 
is often slowly reversible or non reversible. OCP have also been designed to be 
responsive to hydrogen peroxide and ozone. OCPs can be functionalised with boronic 
acid side groups for the detection of saccharides. [190, 193]
1.6.1.4 Nanoparticles
In one of the earliest paper on the use o f nanoparticles in optical sensing zeolite -y- 
nanocrystals were used as cavities for lumophores. The fluorescent oxygen sensitive 
probe ruthenium-2,2 ’,bipyridyl was prepared inside the zeolite from which its size 
inhibited its escape, producing a sensor with effective oxygen quenching properties 
and long term stability. [197] The use o f permeation-selective microbeads also 
enabled simultaneous sensing o f pH and O2 using carboxyfluorescein in amino- 
modified polyacrylamide or poly(hydroxyethyl methacrylate) microparticles as the pH 
indicator along with ruthenium-tris-diphenylphenanthroline2+ in organo silica 
microspheres within a hydrogel matrix for oxygen detection. [179] The advantages of 
using lifetime-based and ratiometric evaluation methods were also impressively
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demonstrated recently, where a scheme combined o f time-domain DLR and RLD 
(rapid lifetime determination) was employed, along with comparable indicator 
chemistry, for high-resolution dual imaging o f pH and pC>2 in marine sediments. [198] 
The method uses a platinum porphyrin luminophore in polystyrene as the oxygen- 
sensitive layer, and a lipophilic ion pair o f 8-hydroxypyrene-l,3,6-trisulfonic acid 
trisodium salt (HPTS) within ethyl cellulose (EC) microbeads which were dispersed 
along with reference beads containing an iridium(III)-coumarin luminophore within a 
gas impermeable poly(acrylonitrile-co-acrylic acid), all placed in a layer o f silicone. 
[199] Changes in colour and brightness can be readily visualized. The readout o f the 
signal for oxygen is based on the reduction o f luminescence lifetime, while that of 
carbon dioxide is based on frequency-domain dual lifetime referencing (fd-DLR). The 
dual sensor served to monitor the growth o f an oxygen-consuming and CO2- 
producing Pseudomonas putida bacterial culture.
1.6.1.5 Probes encapsulated by biologically localised embedding (PEBBLES)
Small sensors are crucial for precise intracellular/subcellular analyte detection. [200- 
210] Small sensor size provides many advantages including greater chemical imaging 
resolution and acuity, lower detection limits and faster response.[201] The smallest 
sensor have been microelectrodes and submicrometer fibre based optodes, the 
dimensions and shape o f both are not compatible with cell dimensions and volumes. 
In particular the penetration volume is usually more than 1% of the total cell volume, 
and this large penetration volume induces severe biological perturbation and 
endangers cell viability.
PEBBLE sensors are an outgrowth of fluorescent microspheres and beads. The 
PEBBLE composition including the matrix, the fluorophores and other components 
can be optimised for a particular task. The science of nanooptode production relies on 
advances in nanoscale production using emulsion and dispersion fabrication 
techniques. There are three main classes of PEBBLEs, the method o f production 
involves simple wet chemistry methods, that once optimised provide a simple and 
reliable method of production. [203]
1.6.1.5.1 Poly aery lam ide (PAA) hydrogel
The production o f acrylamide PEBBLEs is based on the nanoemulsion technique 
studies by Daubres. [203] Control over particle size and shape is achieved by 
adjusting the surfactant to water ratios in the emulsion. A typical procedure involves a
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hydrophilic dye o f choice. Several examples o f PAA nanospheres are known in the 
literature for pH, oxygen, or calcium, sensing. [204-205]
1.6.1.5.2 Sol gel silica/organic hybrid
Sol gel glass has also been used as the matrix for the fabrication of PEBBLEs because 
of the superior properties over organic polymers. Sol gel glass is a porous, high purity 
optically transparent and homogenous material, making it ideal for spectroscopy. The 
preparation o f sol gel glasses involves soft chemical conditions including low 
temperatures and mild pH, allowing the use o f organic dyes and biomolecules. The 
properties o f the sol gel can be tailored and controlled by varying the processing 
conditions and the concentrations or type o f reactants used. Real time measurement of 
dissolved oxygen inside living cells by organically modified silicate nanosensors has 
been performed. [206-208]
1.6.1.5.3 Decyl methacrylate hydrophobic liquid polymer
The use o f fluorescent indicator molecules has proven valuable in the study of 
intracellular analytes, however many ions exist for which no fluorescent indicator is 
sufficiently selective or even available. The decyl methacrylate hydrophobic liquid 
polymer offers an alternative class o f tandem optical sensors. [209-210]
1.6.2 Multianalyte sensors
Multispot sensors have been described for a variety o f analytes. The first multi sensor 
for O2 , CO2 and pH was constructed of sensor spots placed in close proximity. [211]
A multisensor for halide determination utilizes SPQ and SPA which are not specific 
to a halide and are increasingly effectively quenched by chloride, bromide and iodide 
respectively. [129-130] To compensate for cross sensitivity multisport sensors 
consisting o f lumophores with differing sensitivities has been employed. Dual sensors 
compensating for oxygen include those for glucose where an oxygen sensor is used to 
compensate for the variable supply o f oxygen to glucose oxidase and for halothane 
where the indicator lumophore is sensitive to both halothane and oxygen. Other multi 
sensors include those for penicillin and pH, where the pH sensor compensates for the 
pH dependent signal causes by the penicillinase. [205]
The use of multiple sensors are becoming increasingly popular in biotechnology and 
biomedicine. An optical sensor for oxygen and pH for a high through put bioreactor
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has been demonstrated. Optical density, O2 and glucose has been monitored using a 
multiple sensor in a microbioprocessor. [212] Osmetech have produced a disposable 
kit for the determination o f pH, O2 , C02,Na+, K+ Ca2+ hematocrit and glucose. [213]
In a recent review Nagl highlights the need for a true dual or multi analyte sensor and 
suggests that there are several limitations with the current sensors designs. [214] It is 
suggested that for a true multiple sensor cross sensitivity should be avoided. In the 
case o f a dual layer sensor cross leaching of the components may occur, including the 
indicators and plasticisers. For multiple sensors generation o f singlet oxygen in 
oxygen sensors can lead to an increased photodecomposition and signal drifts 
compared to single sensors. The author suggests the use o f micro and nanoparticles to 
overcome these problems.
There has been much research centred around the use o f a second sensing element in 
optical oxygen sensors where, because of the inherent temperature dependency of oxygen 
sensors, much work has centred around simultanous sensing of oxygen and temperature. 
[215] Pressure-sensitive paint (PSP) is a luminescent oxygen-sensitive film, which, when 
combined with CCD-based luminescence imaging methods, is used for the measurement 
of surface-air pressure distributions on aerodynamic models in wind tunnels. However, 
these paints are susceptible to systematic measurement errors due to changes in the 
excitation intensity, the distribution of surface illumination and model motion during 
measurement. These variables maybe corrected for by the use of dual-lumophore PSP 
(DL-PSP), which contains one lumophore that is quenched by oxygen and a second 
reference lumophore that corrects for excitation variations and luminescence intensity 
changes.[216-217] Recently, Schanze and co-workers, [218] reported a multi-lumophore 
PSP containing three lumophores: (i) an oxygen and temperature sensitive dye (PtTFPP);
(ii) a temperature sensitive dye ([Ru(phen)3]Ck) encapsulated in oxygen-impermeable 
polyarylonitrile (PAN) nanoparticles; and (iii) an intensity reference dye (rhodamine 
110). PAN has a very low gas permeability and has been the material o f choice for 
optical temperature sensing as there is no cross sensitivity with oxygen. [216, 218]
Oxygen and pH are of fundamental importance in medicine and biotechnology. Both 
parameters are needed to control the quality o f drinking water, the freshness o f food
44
and optimum conditions for cell activity in bioreactors. Knowing pH and oxygen 
concentration is also essential in clinical analysis of samples such as blood and other 
physiological liquids. The determination o f both parameters is also important in 
marine research and sea water analysis.
Examples o f dual sensors for O2 and pH are known in the literature but these employ 
two sensors operated in parallel. The space limitations and sample volumes available 
makes the use of such sensors difficult. Hence the design of a simple and small sensor 
for both analytes, with excitation at a single wavelength would be a very powerful 
tool in biomedicine and biotechnology. A fibre optic system composed of indicator 
loaded microbeads has been described based on dual lifetime referencing, with 5,6- 
carboxyfluroescein microspheres and ruthenium phenathroline nanoparticles as 
sensing elements. [179] Although there is little cross sensitivity the response o f the Ru 
oxygen sensing material shows deviations from linearity which can lead to problems 
with calibration. It is worth noting that the temperature cross sensitivity o f RuPhen 
was not considered.
1.6.3 Colorimetric sensors
Whilst Stem-Volmer analysis is a useful tool for the quantative measurement of 
oxygen, an understanding of sophisticated instrumentation is needed for accurate 
determination. An alternative approach is the design of colorimetric sensors. [219] 
Colorimetric absorption based sensors are well known, but still need a detection unit. 
A red-green traffic light response, detectable by the human eyes has been reported for 
sensor films based on immobilising a red emitting oxygen sensitive lumophore 
(PtOEP) and a a green emitting oxygen insensitive lumophore (cyclo metallated 
platinum complexes o f N ACAN-coordinating ligand l,3-di-(2-pyridyl)benzene) in an 
ethyl cellulose thin film sensor. Key to the development o f the optical sensors is the 
simplification o f instrumentation. Many sensors are designed with lumophores that 
are compatible with common simple LED excitation systems. PtOEP is one such 
lumophore, and a simple, reliable colorimetric sensors based on using a green LED 
and PtOEP/EC sensing material has recently been described. [219-220] Colorimetric 
analysis o f bio molecules is also possible using absorption based methods. [221] Gold 
nanoparticle aggregates with interparticle distance greater than particle diameter 
appear red, but as the separation distance is decreased to less than the average particle
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diameter the colour becomes blue shifted. Such a method has been used to detect 
femtomolar quantities o f oligonucleotide.
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1.7 Thesis overview
In this work several novel and known luminescent systems will be investigated for 
use in different technological applications namely:
1: near infrared probes for non-covalent labelling of biomolecules;
2: metallo octaethylporphyrins in optical thin film sensors, and;
3: nanomaterials for optical analyte sensing.
Particular attention has been paid to designing materials with useable characteristics 
applicable to biomedicine and biotechnology.
Chapter 2 describes the experimental techniques used during the course of this study. 
Chapter 3 describes the synthesis, chemical and photochemical characterisation o f a 
squarylium dye together with an evaluation o f its use as a probe in biomedical 
systems. Chapters 4 and 5 are related to the design of optical thin film sensors. 
Chapter 4 focuses on understanding the unquenched kinetic heterogeneity of PtOEP 
in thin film sensors. A polyurethane hydrogel is also evaluated as a biocompatible 
polymer for optical sensing. Chapter 5 describes the preparation and use of lumophore 
doped nanoparticles, and lumophore doped self assembled materials, in the design of 
ratiometric oxygen, pH, and oxygen and pH optical sensors. The potential use of 
nanoparticles to prepare a colorimetric oxygen sensor is also discussed. Chapter 6 
provides a brief summary and discussion o f the results obtained during this work, 
together with some suggestions for further studies.
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Chapter 2 
Experimental and instrumental
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2.1 Materials
All materials used were the highest grade available
Chemical
0 .1M phosphate buffer, pH 7. 5 
1,2 dichlorobenzene 
1,4 squaric acid
10% ammonium persulfate solution
Acetic acid glacial
Acetone
Acrylamide
Air
Ammonium hydroxide
Bovine serum albumin (BSA) (Fraction V)
Brij 30
Butane sultone 
Butanol
Cell proliferation assay kit, CellTiter 96®
Aqueous one solution
Cellulose acetate butyrate
Dichloromethane
Diphenylphenanthroline
Ethanol
Ethyl cellulose (ethoxy content 46%)
Glacial acetic acid 
HBSS/Ca/Mg 
Hexane 
HN03
Horse serum 
Hydrazinobenzoic acid 
Hygromycin-B 
Isopropylmethylketone 
L-Glutamine (lOOx strength)
MCL-5 human lymphoblastoid cell line 
Methanol
Methyl trimethoxy silane (MTMS)
N,N,N,N tetramethylathyldiamine
NaCl
NaOH
Supplier
Aldrich
Aldrich
Aldrich
Aldrich
Fisher Scientific, UK
Fischer
Aldrich
BOC
Aldrich
Aldrich
Aldrich
Aldrich
Aldrich
Promega, US
Aldrich
Fischer
Aldrich
Fischer
Aldrich
Fischer
Gibco, UK
Aldrich
Aldrich
Gibco, UK
Aldrich
Sigma, UK
Aldrich
Gibco, UK
Gentest Corporation, USA
Fisher Scientific, UK
Aldrich
Aldrich
Aldrich
Aldrich
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Nitrogen( Oxygen free)
N,N methyl bis(acrylamide) 
Oxygen
Palladium octaethyl porphyrin
Phenyl trimethoxy silane (PTMS)
Phosphate buffered saline (PBS)
Platinum octaethyl porphyrin
Polystyrene
Polyvinylchloride
RPMI-1640 growth medium
Sodium acetate
Sodium dioctyl sulfosuccinate
T etrahydrofiiran
Toluene
Tributyl phosphate 
Trypan Blue (0.4% in toluene)
BOC
Aldrich
BOC
Aldrich
Aldrich
Aldrich
Frontier Scientific, UK
Aldrich
Aldrich
Gibco, UK
Aldrich
Aldrich
Ficher
Fisher Scientific, UK 
BDH Fischer 
Sigma, UK
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2.2. General method of preparation of polymer films for optical sensing
The structure of the thin film optical sensors used in the work described in this thesis 
can be generalised as transparent sensing membranes in which are dissolved, or 
encapsulated, lumophores. These films were prepared by spin coating onto a glass 
support. Each film was prepared 3 time and the average results shown in this work.
The exact composition of the films, and the lumophores used, will be discussed in 
detail in the relevant chapters.
Polymer solutions were prepared by dissolving the polymers in an appropriate 
solvent, i.e. for ethyl cellulose a 5:1 w/v in 9:1 v:v toluene/ethanol solution was used; 
and for the polyurethane hydrogel 9:1 w/w in 9.1 w:w ethanol/water was used.
2.2.1 Lumophore solutions
Table 2.1 below gives details o f the solvents used for the different lumophores, 
together with the application the lumophore was used for.
Table 2.1 Lumophores solutions used in this work
Lumophore Solvent Application
PtOEP THF o 2
PdOEP THF o 2
(5)-6- carboxyfluorescein THF PH
Rhodamine 6G THF 0 2 reference
Coumarin 110 THF 0 2 reference
Coumarin 153 THF 0 2 reference
T etraphenylporphyrin Ethanol pH reference
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2.3 Thin film optical sensor preparation
For the purposes o f this study it is appropriate to classify the sensors as shown in 
figure 2.1. Typical film thickness were ca. 7 and 10 pm for spin speeds o f 3600 and 
750 revolutions per minute (r.p.m) respectively. [6]
2.3.1 Type 1 - Solution based sensors
Solution based oxygen sensors were prepared by adding 2 ml o f the lumophore 
solution to 5 g of the polymer solution. Thin films were prepared by spin coating this 
solution onto glass slides using a spin speed of 3600 rpm. For colorimetric sensors a 
second layer was spin coated onto the first layer once it was dry. [6]
2.3.2 Type 2 - Incorporating PEBBLEs into thin film  sensors
Single lumophore PEBBLE based optical oxygen sensors were prepared by mixing 
500 mg o f polymer solution and 50 mg o f analyte sensitive PEBBLEs. The 
PEBBLE/polymer solution was then sonicated for 30 minutes. Thin films were 
prepared by spin coating this solution onto glass slides using a spin speed 750 rpm.
2.3.4 Type 3 -Dual lumophore PEBBLE based optical oxygen sensors
Layer 1 is a solution based analyte insensitive layer prepared by adding 2 ml o f the 
lumophore solution to 5 g of the polymer solution and spin coating onto a glass slide. 
Once this was dry a second layer o f PEBBLE based optical oxygen sensors (prepared 
by mixing 500 mg o f polymer solution and 50 mg of analyte sensitive PEBBLEs) was 
spin coated onto layer 1.
2.3.4 Type 4 - Dual lumophore PEBBLE based optical oxygen sensors
Dual lumophore PEBBLE based optical oxygen sensors were prepared by mixing 750 
mg o f polymer solution and 50 mg of analyte sensitive PEBBLEs and 25 mg of 
analyte insensitive PEBBLEs and sonicating for 30 minutes Thin films were prepared 
by spin coating this solution onto glass slides using a spin speed of 750 rpm.
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All films were dried in a desiccator in the dark for 24 hours before use.
m
0  9  0  0  O C O C
Q © © © © © © ©
o
Polymer layer
Sensing dye in polymer layer 
Glass support
Reference dye in polymer layer
Analyte sensitive nanospheres 
Analyte insensitive nanospheres
Figure 2.1 Classification o f sensors used in this study
Type 1
Type 2
Type 3 
Type 4
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2.3.5 Plasticisaiion o f  the film
When required, a plasticiser i.e. either tributyl phosphate (TBP), dimethyl phthalate 
(DMP) or triethyl phosphate (TEP) was used. [5,6] Plasticiser concentrations are 
given in parts per hundred resin, (pphr), where resin is the ethyl cellulose polymer.
2.4 Synthesis and preparation of PEBBLE sensing elements
2.4.1 Organically modified silica (ORMOSIL) nanospheres [5]
In this work PEBBLEs was prepared by mixing 31 ml o f deionised water with 38 pi 
of HN0 3 , stirring at 60 °C, and then adding to this a 0.1 ml sample o f PTMS and then 
stirring the solution at hill speed. The time for reaction was dependent on the size of 
particles desired. 6 ml o f ammonium hydroxide was added and the mixture was stirred 
for a further 2 hours in order for condensation o f the silane. The sensing dyes were 
then added in an appropriate solvent as described in table 2.1. Following this 0.2 ml o f 
MTMS was added and mixed for a further 60 minutes. The resulting PEBBLEs were 
then filtered using suction filtration through a nylon membrane (pore size 0.2 pm). 
The PEBBLEs were washed three times with water, then re-suspended in a 
water/ethanol 1:2 v/v mix and further sonicated for 5 minutes. The PEBBLEs were 
then filtered through a 0.02 pm Whatman filter membrane and allowed to dry in a 
desiccator.
2.5 Imaging of the nanospheres
2.5.1 SEM
Dry PEBBLEs were lightly scattered onto carbon pads and characterized using a 
Philips XL30CP scanning electron microscope.
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2.6 Instrumental
2.6.1 Cell set up fo r  gaseous oxygen sensing
All measurements were taken at 22-25 °C. The films were held in a 1 cm quartz 
curvette, the lid o f which carried two needles suspended on either side of the film 
within the cell. This allows the gas stream of known composition into the cell and 
thus onto the film as illustrated by figure 2.2. Purging was carried out for 15 minutes 
before each measurement to allow equilibration between the gas stream and the film.
2.6.2 Cell set up fo r  dissolved oxygen and p H  sensing 
All measurements were taken at 22-25 °C.
A 1 cm x 1 cm ‘cup’ with a quartz window and two rubber rings was used to trap the 
sensor film and give a sealed flow cell in which a stream of water o f known oxygen 
concentration flows over the sensor film. For pH studies aqueous buffer solutions 
were pumped through the cell and over the sensor film.
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2.6.3 Gas m ixing
Gas mixtures from 0-100 % air and 0-100 % oxygen were generated using a gas 
blender (model no. 852 VI-B, Signal Instruments Co, UK) with nitrogen as the 
diluent gas. The manufacturer’s calibration graph, showing the relationship between 
the dial reading on the gas blender and the % oxygen produced, is given in fig. 2.3. [2] 
In order to minimise sample evaporation and avoid change in concentration when 
working with solutions, long neck quartz cells were used and the gases were first 
bubbled through solvent. The samples were purged for 15 minutes to allow 
equilibrium between the gas and solution to be reached before each reading was 
taken.
2.6.4 Calibration o f  the gas blender
Stem-Volmer analysis on the oxygen quenching o f an aqueous solution o f 
ruthenium(II) tris(2,2'- bipyridyl)dichloride [Ru(bpy)3]Cl2 (1 x 10' mol dm' ) was 
used as the calibration standard. Gases were bubbled through distilled water and the 
sample purged for 15 minutes to allow equilibrium between the gas and solution to be 
reached before each reading was taken.
Correction of the manufacturer’s values for the true gas concentration were needed as 
the gas blender is calibrated by the manufacturer using one gas stream containing a 
trace of propane in air, with pure air as the diluent. When blending gases with 
different specific gravities, it is necessary to employ a correction factor to obtain the 
“true” gas mixture. The true instrument setting required to obtain the required 
percentage of oxygen is obtained from equation 2.1,
( 2 - 1 }
where R„ is the required %C>2 ; C„ is the manufacturers correction factor for each gas 
present, including the diluent stream (C„ = 0.961 and 1.032 for O2 and N 2 
respectively),£  is the number of gas streams (in this case S  = 1 as O2 is the only gas to 
be blended), S + 1 takes into account the N2 diluent stream; and finally P„ is the 
percentage to be set to obtain the required %C>2 . Once calculated, P„ is interpolated 
from the manufacturer’s calibration sheets to obtain the required instrument setting.
69
2.7 Instrumental
2 .7.1 UV/VIS absorption measurements
All absorption spectra were recorded using 10 mm quartz absorption cells and a 
Hewlett-Packard diode array spectrometer.
2.7.2 Variable temperature measurements
Variable temperature luminescence measurements were carried out using a 
fluorimeter equipped with Tecam circulator c l00 variable temperature water pump. 
The temperature in the reaction vessel was recorded using a Hewlett-Packard 2802A 
thermometer and HP34740A display unit measuring the temperature in an identical 
cell in the same heating block. The thermometer was calibrated against different 
temperature water samples and a mercury thermometer.
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2.7.3 Steady-state luminescence measurements
Room temperature and low temperature 77 K luminescent measurements were carried out 
using an MPF-44E Perkin-Elmer connected to an analog to digital converter (Pico 
Technology Ltd., Cambridgeshire, UK).
2.7.4 Time-resolved nanosecond laser studies
These were made using a Nd/YAG Spectron laser with an Applied Photophysics laser kinetic 
spectrometer. The frequency doubled pulse (532 nm) was used. For all work except that with 
PdOEP/EC, 18.6 mnm emission slits were used and the average trace from 32 shots of laser 
excitation was collected on an Gould OS4072 8 bit digital storage oscilloscope and 
transferred to a PC for analysis. For studies with PdOEP/EC advantage was taken of the 
longer lifetime available and the 12 bit data collection available with the Picoscope™ analog 
to digital converter (Pico Technology Ltd., Cambridgeshire, UK) was used. In this case 32 
scans were averaged and, to improve signal to noise still further, slit widths o f 32 nm were 
used.
2.7.5 Circular dichroism
Far UV CD spectra were measured using a Jasco J-815 CD spectrometer, (Tokyo Japan) 
using a 1 mm pathlength quartz cell. The CD results are expressed in terms o f mean residue 
ellipicity (MRE) in deg cm2 d mol'1 and calculated according to equation 2.2.
Where Cp is the molar concentration o f protein, n is the number of amino acid residues and 1 
is the pathlength. The a-helical contents of the dye can be calculated from equation 2.3,using 
4000 and 33000 the MRE of p-sheet and random coil structures respectively at 208nm
MRE = Observed CD signal (2.2)
C p - n •1
% a -  helix =  ^   .100
^ 33000-4000 )
(2.3)
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2.8 Data analysis
2.8.1 The integrated emission intensity fo r  a decay trace
The area under an emission decay plot gives the total integrated emission intensity.
2.8.2 Curve fitting
Curve fitting to pH response curves was carried out using Origin lab 6.
Time resolved emission decay traces were analysed using the curve fitting programme Table 
curve 2D™ (Jandel Scientific Software Inc.) an example o f an experimentally obtained decay 
trace and Table curve fits to both a single and double exponential are shown in figure 2.4. 
The goodness of fit was evaluated by examination o f the residuals o f the fit from the curve 
fitting program.
2.9 Photophysical characterisation
2.9.1 Quantum yield determination
The emission quantum yield was obtained by reference to an ethanolic solution o f tetra 
phenyl porphyrin (quantum yield of fluorescence, O f, of 0.11 [1]) made up to have the same 
absorption at the excitation wavelengths (590 nm and 590nm for TPP and SQ-1 respectively) 
using equation 2.4.
Where Ox is the quantum yield o f SQ-1, Oy is the quantum yield o f the TPP standard , F is
2.9.2 Radiative rate constant
The radiative rate constant, kTa<i, was calculated from the Strickler Berg Equation 2.5. [3]
where n is the refractive index o f the medium, va is the mean reciprocal emission wavelength,
<Dx =a»y (2.4)
JfrX) dX and r| is the refractive index o f solutions X and Y respectively. [1]
krad = 2 .8 8 x l0 _9.n2.vfl3|s .d .ln v abs (2.5)
and js.d.lnvabs is calculated from the integral of a plot of extinction co-efficient against the 
natural logarithm of the frequency o f the absorption band.
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The observed rate constant for the deactivation o f the singlet state kfi, was then calculated 
using kTad and Of as follows
k fl =
rad (2 .6)
2.9.3 p H  study
The effect o f pH on fluorescence was measured by addition of successive 20pl aliquots o f 
HC1 to a 200 ml 1.3 x 10'5 mol dm'3 solution o f SQ-1 in 0.01 M NaOH, with pH measured 
using a calibrated Jenway 3305 pH meter.
2.9.4 Photostability
Photostability was measured by following the decrease in fluorescence intensity as a function 
o f irradiation time using a Jobin-Yvon JY3 fluorimeter with irradiation at 360 nm (10 nm 
slits) and detection at 570 nm (4 nm slits). The radiant excitation flux was obtained using 
ferrioxalate actinometry. [1]
2.9.5 Temperature dependence o f  dye protein binding
Thermodynamic analysis o f protein binding was carried out using a fluorimeter equipped 
with Tecam circulator c l00 variable temperature water pump. Known concentrations o f BSA 
and dye were premixed in a glass vial and left for 30 minutes at 4 °C before use. The sample 
was then transferred to a 1cm quartz cell, and allowed to equilibrate to the temperature of the 
heating block. The temperature in the quartz cell was determined by use of a digital 
thermometer in an identical sample in the heating block and the emission spectrum recorded 
at various temperatures.
2.10 Cell studies
These were carried out in the Medical School Swansea University. I would like to thank Dr.S.
H. Doak for allowing me access to the equipment used in these cell studies, and also for her 
assistance in carrying out this work.
2.10.1 Cell culture and cell viability
The Chinese hamster lung fibroblast cell line V79 was maintained in Dulbecco’s modified 
Eagle’s medium supplemented with 10% foetal bovine serum (Gibco, Invitrogen, Paisley, 
UK). Cells were incubated at 37 °C in a 5% CCVair atmosphere and sub-cultured when 
confluent by detaching the cells from the flask with 0.25% trypsin in Hanks solution.
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For fluorescent staining purposes, cell preparations on slides were required. Sterile glass 
slides were each seeded with ca. 1 x 105 V79 cells, placed in square Petri dishes containing 
growth media and allowed to grow for 24 h. The slides were then rinsed with PBS, fixed in 
4% paraformaldehyde for 30 min at ambient temperature and stored at -20 °C until needed.
Slides to be stained were rinsed with 0.05% Tween-20/PBS, then 50 pi SQ-1 (0.1 mg/ml) 
was applied and the slides incubated in a humidified chamber at 37 °C for 24 h. Following 
hybridisation, slides were washed in 0.05% Tween-20/PBS for three 5 min cycles. They were 
then allowed to air dry before the nuclei were counterstained by mounting the samples in 4, 
6-diamidino-2-phenylindole (DAPI).
2.10.2 Cell imaging
Slides for cell culture were viewed under an Olympus BX50 fluorescence microscope using a 
UplanFl 100x/1.3 oil objective. Fluorescence responses were detected with single- and 
multiple-band pass filter sets. Standard fluorescein isothiocyanate (FITC) and texas red 
isothiocyante (TR1TC) filter sets (maximum transmission at 480 nm and 570 nm 
respectively) were used for excitation and emission filters for SQ-1 imaging, while a UV 
filter (maximum transmission at 360 nm) was required for the DAPI counterstain. Images 
were captured with a cooled CCD camera and analysed with the MacProbe version 4.1 
software (Applied Imaging, Newcastle Upon Tyne, UK).
The MCL-5 cell line is a human lymphoblastoid cell line that constitutively expressing a 
relatively high level o f native CYP1A1, four other human cytochromes namely CYP1A2, 
CYP2A6, CYP3A4 and CYP2E1 as well as microsomal epoxide hydrolase carried as cDNAs 
in plasmids. It is a metabolically competent cell line and maintained using the methods 
described by Crespi et al. [4].
MCL-5 cells were grown in RPMI 1640 supplemented with 9% horse serum and 1% L- 
glutamine. At each passage hygromycin B in 0.035 M acetic acid was added to a final 
concentration o f 200 pg/ml. At least two sets o f experiments were conducted with the same 
stock o f SQ-1 dye. For each experiment, two 25 cm3 tissue culture flasks were used for each 
dose.
Prior to treatment, the cell cultures were seeded into several 25 cm3 tissue culture flasks to 
achieve a final concentration o f 1.5 x 105 cells per ml in 10 ml growth medium. The cells 
were then gassed with 5% CO2 in air and incubated at 37 °C for 20 hours (i.e. one cell cycle).
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After one cell cycle, 10 ml o f cell cultures were treated with increasing doses o f SQ-1. The 
cells were then incubated for one further cell cycle under the same condition as above. The 
cell suspensions were dispensed into centrifuge tubes and centrifuged at 1500 rpm for 8 
minutes. The supernatants were discarded and the cell pellets were used according to the need 
o f the viability assays performed. Both the trypan-blue exclusion assay and the MTS 
(CellTiter) assay were performed as described by the manufacturer.
2.11 NMR and mass spectrometry
]H nmr spectra were recorded on a Bruker AC 400 MHz spectrometer using tetramethyl 
silane as an internal standard.
Mass spectra were recorded at the EPSRC mass spectrometry centre at the University of 
Wales Swansea using low resolution EI/CI techniques on a VG analytical Quattro II triple 
quadrupole mass spectrometer.
2.12 Phase modulation lifetime measurements
Phase modulation plots were obtained at the Institute of Fluorescence, Univeristy o f 
Balimore.
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Chapter 3
A study of the interaction between a 
squarylium dye and protein by optical
methods
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3.1 Introduction
The measurement of fluorescence has become an invaluable tool in environmental analysis, 
and medical, industrial and biological research. [1-4] In particular the development of novel 
methods and new fluorescence dyes [5-8] has become very important in a number o f areas 
such as chemical and biochemical analysis, immunotechnology, biotechnology and the 
pharmaceutical industry. [1-15]
Protein quantification is very important in clinical analysis, pathology, immunology and 
biochemistry. Conventional methods include: the Buiret method, the Lowry method, the 
Bradford method and the bromocreosol method, all o f which suffer from limited sensitivity 
and dynamic range, and low detection range.[l] Some involve difficult sample preparation. 
Other relatively new methods have included: mass spectrometric detection, which needs 
expensive instrumentation and sample preparation, [54] Rayleigh light scattering, [55] 
chemiluminescence [56]; and electrochemical methods, [57] which can be complicated by 
protein adsorption at the electrode surface even at very low protein concentrations. [1, 16] 
Fluorescence spectroscopy can also be used. This offers extremely high sensitivity, which 
makes it possible to detect even single molecules, and fluorescence spectroscopy can be 
easily combined with many separation techniques including capillary electrophoresis and 
HPLC. [11, 17-20]
Although proteins can possess intrinsic fluorophores such as phenyl alanine, tyrosine and 
tryptophan, leading to blue green emission, the quantum yield of these intrinsic fluorophores 
is too low to detect low concentrations o f proteins. [21] There are two common ways to 
determine the concentration o f proteins using fluorescent dyes, covalent [22-26] and non- 
covalent labelling. [10, 26-32]
3.2 Types of binding
3.2.1 Covalent labelling
Many dyes containing reactive groups for specific biological applications are known in the 
literature. Reactive groups on the protein include primary amines and side chain functional 
groups. [1, 6-10, 58] Fluorescent dyes can be designed to include reactive groups for amines, 
thiols phenols and carboxylic acid. [1] Hydrazide and amine groups can be used for 
carboxylic acid side chain substitutions [58] Table 3.1 summarises the reactive groups that
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can incorporated into fluorescent dyes and the groups with which they react on the protein to 
form the covalent bond. [22-26,35,58]
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Table 3.1 Summary of potential reactive pathways o f labelling groups for covalent labelling 
o f amino or sulfydryl groups in proteins.
Reactive dyes moiety Protein
reactive
moiety
Resulting covalent 
derivative
Isothiocyanate
R'-N=C=S
r zn h 2 Thiourea
R ‘-NH-C=S(NH)-R2
Succinimidyl ester
o
c
R2NH2 Carboxamide
R ‘-C(0)NHR2
Sulfonyl chloride
r 2-s o 2-c i
r zn h 2 Sulfonamide
r 2-s o 2-n h r 2
Alkyl halide 
R-CH2-X
r 2s h Thio ether
r '- c h 2-s r 2
Maleimide Thioether
3.2.2 Non-covalent labeling
Non-covalent interactions play a critical role in many biological receptor ligands processes 
such as enzyme-substrate, antibody-antigen and drug receptor interactions. [6] Non-covalent 
interactions of hydrophobic interaction such as ANS can also provide information on protein 
conformation. [33] Changes in the spectral properties of fluorescent rotor molecules can give 
information on the microenvironment of a protein. [34]
The advantage of non-covalent labelling compared to covalent labelling is the removal of 
time consuming derivatisation reactions. Covalent derivatisation requires rigorous control of 
the pH in order to maintain satisfactory labelling efficiency. High pH is needed to 
deprotonate amine groups for successful labelling are this may not be compatible with 
biological samples. [6,36] The process is complicated by analyte molecules having differing 
numbers o f dye molecules attached to them, leading to band broadening. [58] To complicate 
the method further, purification to separate unbound dye molecules is also commonly 
required. [6,58] The non-covalent linkages can involve ionic, electrostatic, hydrophobic and 
hydrogen bonding interactions. [6] Although not as stable as covalent linkages, the increased 
rate o f bond formation, favourable physiological pH and a lack o f purification steps make 
non-covalent interactions favourable for protein based assays. When used in conjunction with 
capillary electrophoresis-laser induced fluorescence (CE-LIF) increased the limit of detection 
By using CE-LIF, the LOD was increased to twice that o f UV detection measurements. [17- 
19]
3.3 Dyes for the Near Infra Red (NIR)
Luminescent dyes in the near infrared region (600-1000 nm) is a rapidly developing area [1,4, 
7-9,40-47]. The photophysical properties of near infrared dyes have resulted in their use in a 
variety if applications including: photodynamic therapy, silver halide sensitizers, laser diodes 
and optical data storage. Recently NIR dyes have been found to have considerable 
applicability in protein based assays. In comparison to the ultraviolet and visible regions, NIR 
fluorescence has several advantages.
1. The absorption and fluorescence o f biological material generally decrease with 
increasing wavelength. Therefore there is generally a lower level o f background 
interference, since few naturally occurring molecules undergo electronic transitions in 
this low energy region o f the electromagnetic spectrum. [48]
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2. NIR wavelengths can effectively penetrate through skin and over laying tissue. This 
raises the possibility o f development of non-invasive clinical diagnostics, such as 
blood glucose monitoring. [59] Other materials such as plastics, glass, cloth and 
turbid water, paint and some building material are also transparent in the NIR regions. 
This suggests that NIR dyes may be useful in a wider variety of applications than the 
biomedical uses discussed here. [59, 60]
3. Raleigh and Raman scattering are reduced at higher wavelengths. For both processes 
the scattering intensity depends on 1/X.4 and operating at high wavelength improves 
the signal to scattering ratio.
4. Sample decomposition is generally reduced when compared to lower wavelength 
excitation because of the lower photon energy.
5. Excitation in the NIR can be accomplished by using cheap, stable and compact diode 
lasers and sensitive and stable NIR avalanche photodiode detectors are now readily 
available at relatively low. [22,49]
Much recent research in the area o f NIR dyes has focused on the design o f functionalised 
dyes with favourable chemical and photophysical properties for bimolecular probes. 
Generally the molecules designed for this region have extensive conjugation to generate 
electronic transitions in the NIR region.
Key properties include: high quantum yields, narrow absorption and emission bands, large 
Stokes shifts, good chemical and photochemical stability, low susceptibility to quenching, 
good biocompatibility and low toxicity. Until recently the only NIR probe approved by FDA 
was indocyanine green (ICG) due to the toxicity o f other dyes. [38,39]
3.3.1 Cyanine based dyes
In terms o f absorption and emission properties, cyanine dyes are an attractive class of 
compound,[1,24,25] with their absorption and emission maxima between 600-800 nm and
5 1 3  1molar absorbtivities above 10 m of dm cm' . However they generally suffer from limited 
water solubility and poor photostability. [24,50] Many examples o f cyanine dyes are known 
in the literature differing in the structure o f the nitrogenous bases and/or the alkyl chain
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joining them. The ease of structural manipulation makes cyanines and their derivatives ideal 
starting points for the designs o f biomolecular probes, since both their chemical and 
photochemical properties can be uniquely tailored for specific applications.
3.3.2 Polymethine cyanine dyes
Polymethine dyes are characterised by a methene chain, which is a conjugate system that can 
be fine tuned for the desirable absorption and emission properties. The absorbance maxima of 
cyanine dyes increases as the polymethine chain increase, and typically for each CH-CH 
group added there is an increase o f 100 nm in Xmax . However increasing the conjugation, 
makes the dyes less stable and prone to photobleaching, as well as generally lowering both 
absorptivity and quantum yield. It also often causes an increase in dye aggregation. Several 
groups have worked on designing and synthesising analogues of cyanine dyes to overcome 
these limitation o f long chain polymethine dyes. [7-9, 26-32] Figure 3.1a compares the 
structures o f the different classes of cyanine dyes. Table 3.2 collects absorption and emission 
data on selected carbocyanine dyes.
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Table 3.2. Absorption and emission properties of a series of carbocyanine dyes as a function 
of increasing polymethine chain length. [62]
Heterocyclic base Carbon chain length # X absorption 
max/nm
Remission
max/nm
R2R1
490 515
585 620
680 740
550 590
650 690
750 790
560 590
660 690
765 810
# Carbon chain length refers to the number o f double bonds in the polymethine chain
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3.3.3 Squarylium cyanine dyes
Squarylium cyanine dyes are now attracting attention as promising biological probes. [7-10]
5 3 1With high extinction coefficients, high protein binding constants (1-3 x 10 dm mol' ) and 
high chemical and photo stability improved by incorporation o f a ring system. [52] A further 
advantage o f these classes of dyes is the relatively ease o f synthesis. The squarine dyes are
1.3 bis-substituted products obtained by the reaction of squaric acid with electron donor 
groups, particularly indolenium units. Example o f both symmetrical and asymmetric 
squarylium dyes are known in the literature. [6-9] We were particularly interested in 
symmetrical squarylium dyes due to the potential for ‘one pot’ synthesis.
3.4 The interaction of squarylium dyes and serum albumin
Serum albumin is one o f the most abundant carrier proteins responsible for transport and 
disposition o f both endogenous and exogenous ligands in the body, and thus has been studied 
for numerous clinical and medical applications. [6, 53, 61] Drug interactions with albumin 
influences drug toxicity, activity, excretion and metabolism. [53] The high structural 
homology between human serum albulmin (HSA) and bovine serum albumin (BSA) has seen 
BSA used in numerous studies. [61] BSA is a single peptide chain with 583 residues and 
consists o f three domains. Each domain contains two sub domains, and has a high content of 
charges residues, glycine and lysine and has a strong affinity for anionic and cationic ligands 
including metal ions Figure 3.1b. The domains are stabilised by various inter-domain forces 
including hydrophobic interactions, salt bridge interactions and helical extensions. 
Techniques that have been used to study ligand albumin interactions include equilibrium 
dialysis, circular dichroism, affinity capillary electrophoresis and laser induced fluorescence 
capillary electrophoresis. Non-covalent labelling of proteins has been exploited to facilitate 
protein determination by capillary electrophoresis and fluorescence titration where it offers 
an increased sensitivity compared to absorbance detection and a simpler and faster labelling 
protocol compared to conventional covalent labelling. [6]
Several examples o f squarylium dyes as protein probes are now known in the literature, 
Terpetschnig et al. [7] showed that the interaction of squarylium dyes with BSA resulted in 
an enhancement of fluorescence and increased lifetime of the dye, such that the lifetime 
became sufficiently long to allow the use of simple phase modulation lifetime 
instrumentation. [7,8] When covalently attached to proteins, amine reactive squarylium dyes 
showed an increase in fluorescence intensity and enhanced lifetimes as compared to aqueous
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solution; this is thought to be the result o f the shielding effect of the protein. Lakowicz et al. 
[7,8] found that the symmetry of the dye had little effect on the solvatochromic propeties o f a 
series o f squarylium dyes, whereas, o f the 10 squarylium dyes studies by Terpetschnig et al. 
[7-9] the symmetrical indolenine based squarylium displayed the highest fluorescence 
intensity increase upon binding to proteins and these are suggested as the most suitable group 
for biomedical applications.
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N form
~  pH 5 - pH 8
Figure 3.1.a General structures o f  indolium substituted (a) indolenine heptamethine cyanine 
dye and indolium substituted (b) tricarbocyanine, (c) squarylium, and (d) croconium 
heptamethine cyanine dyes. 3b: 3 dimensional structure o f  the secondary structure o f  BSA at 
pH 5-7.
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3.5 Aims of this chapter
Squarylium dyes are a class o f red absorbing and emitting fluorescent dyes that show 
exceptional photochemical properties. Here we describe the synthesis a squarylium dye, SQ- 
1, via a cheap and easy synthetic pathway.
Compared to polymethine cyanine dyes photo stability increased by introduction o f a the 
squarylium group. Introduction of sulfobutyl groups are thought to reduce aggregation and 
improve aqueous solubility. To fully understand the chemical and photochemical properties 
of the dye, characterization o f the excitation wavelength, photo stability, pH and temperature 
dependence of emission will be investigated.
A common property o f squarylium dyes is a change in fluorescence when bound to proteins, 
a kinetic and thermodynamic investigation o f SQ-1 to BSA will also be investigated.
Cell imaging and viability studies will also be evaluated with the view to using squarylium 
dyes for fixed and live cell imaging
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3.6 Materials and methods
3.6.1 Synthesis o f  sulfobutylsquarine carboxylate
(SQ-1) was synthesised from squaric acid and 5-carboxy substituted- 1-sulfonatopropyl, 
2,3,3,-triethylindolenine by modification of the established literature procedures of 
Terpetschnig et al. [5] The synthetic pathway is shown in figure 3.3.
The synthesis of the intermediate 1 (5 -carboxyl-2 ,3 ,3 ,trimethyl,3H, indolenine) has already 
been given. [5] (Yield 56%; NMR (D20 ) 81.4(s 6H), 2.4(s 3H), 7.5 (d), 8.0(s), 8.1(d); m/z 
204.09 ([M+H]+ (EI/CI)).
3.6.2 Synthesis o f  intermediate 2
5-Carboxyl -l-sulfobutyl-2,3,3 Trimethyl 3H-indolenine:[3, 5]
1.36 g of intermediate 1 (6.6 mmol) and 4.35 g o f 1,4-butanesultone (9.92 mmol) were 
suspended in 20 ml of 1,2-dichlorobezene and heated at 180 °C for 5 hours. The mixture was 
cooled to room temperature and the precipitate was filtered and collected. The resulting red 
solid, intermediate 2, was washed with acetone and then used without further purification. 
(Yield 56%; NMR (DMSO) 81.5(s 6H), 1.72 (m 2H), 1.94 (m 2H), 2.5 ( t ) 2.8 (s 3H), 4.5 (m 
2H), 8.1(s 2H), 8.3(s 1H); m/z 339 ([M+H]+ (EI/CI)).
3.6.3 Synthesis o f  SQ-1
0.634 g of intermediate 2 (1.85 mmol) and 0.0567 g o f squaric acid (0.49 mmol) were heated 
under reflux with a Dean-Stark trap for 7 hours in a 1:1 v/v mixture of toluene and butanol, 
(in this method water produced in the condensation is removed as an azeotrope via the Dean- 
Stark trap). The solution turned blue after 3 hours of heating, and heating and stirring was 
continued for a further 4 hours. The solution was then cooled to room temperature and excess 
solvents removed using a rotary evaporator. The solid residue was titurated with diethyl- 
ether, filtered and collected. After drying in a dessicator the crude solid was purified using 
reverse phase preparative TLC using water:methanol (2:1) as eluent. A small sample was 
purified using high performance liquid chromatography (HPLC) on an Apex ec C8 5 p 
column (Reverse phase), (Jones chromatography) attached to a Milton Roy variable 
wavelength detector HPLC using 60% acetonitrile:water with a detection wavelength o f 363 
nm. NMR(MeOD) 51.55 (s 12H), 1.72 (m2H), 1.92 (m2H), 2.88 (m2H), 4.1(M, 4H), 5.9 (s 
2H), 6.8 (m, 4H), 7.1 (m, 4H),7.2(m, 4H) : m/z 761 ([M+H]+ (EI/CI))
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For all experiments a stock solution of SQ-1 in PBS was prepared to a concentration o f 2 x 
KT4 mol dm'3 and this was stored in the dark at 4 °C when not in use. Solutions were prepared 
by dilution o f this stock solution as and when needed, and left at room temperature in the 
dark for 1 hour prior to use.
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CJcr-
3.7 Spectroscopic characterization
3 .7. 1 Spectroscopic characterisation
Figure 3.3 gives absorption and emission spectra for SQ-1 in room temperature PBS. The 
insert shows a Beers’ law plot o f absorbance against concentration. The good linearity 
indicates no detectable aggregation over this concentration range, which we attribute to the 
presence of alkyl sulfonate groups on the indolenium moiety. The molar extinction co­
efficient for SQ-1 of 1.0 (±0.05) x 105 mol'1 dm3 cm '1 is comparable to that o f other 
squarylium dyes. [1,14,16] Absorption and emission spectra show a Stokes’ shift o f 10 nm, 
and the room temperature emission quantum yield (<I>) is 0.08 (8%). The quantum yield is 
comparable to that of other unbound squarylium dyes in PBS. [16] The absorption spectrum 
o f SQ-1 overlap with common laser and LED excitation sources as shown in figure 3.4.
When frozen at 77 K in a low temperature water/glycerol (1:1 v/v) glass the emission 
quantum yield is increased ca. three fold to ~ 0.24 with little change in emission spectrum, 
(Fig 3.5.). There is little change in either emission intensity or emission spectrum across the 
pH range 4-9 as shown in figure 3.6. Estimation o f the excited-state lifetime using the 
Strickler-Berg equation [19] gives a radiative lifetime o f 1.46 x 10'9 s which, when combined 
with the quantum yields, suggests lifetimes o f 1.8 x 10'9 s at room temperature and 6.1 x 10‘9 
s at 77 K.
3.7.2 Binding with BSA (fraction V)
In the presence of BSA, SQ-1 shows a bathochromic shift in emission maximum of ca. 11 
nm, and a significant enhancement of fluorescence intensity (Fig. 4), but no change in 
absorption spectrum. The increase in quantum yield can be rationalised by a decrease in the 
rate of internal conversion upon binding, since internal conversion has been shown to be a 
major pathway in polymethine dyes due to the non-planar structure of the molecule arising 
from the ‘loose’ polymethine chain linking the two heterocyclic bases. [62] Decreasing or 
restricting the molecule to a planar confirmation can dramatically reduced the rate of internal 
conversion. [22] Lifetime studies show a bound lifetime of 2.4 ns = 1 .3) in the presence 
of BSA ([SQ-1] = 5 x 10'5 mol dm'3 and [BSA]= 7.5 x 10'5 mol dm'3 Figure. 3.7. This is 
consistent with that estimated from the Strickler-Berg equation which, with a quantum yield 
of 0.32 gives an estimated lifetime of 2.3 ns, and is in good agreement with values for other 
squarylium dyes bound to BSA. [5]
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The binding constant for SQ-1 and BSA was determined by fluorimetric titration o f SQ-1 
with BSA. Using the simplest analysis, i.e. only one protein binding site accessible for 
binding with SQ-1, (insert Fig. 3.7) gives a binding constant, K, o f 2.8 (±.0.5) x 105 (at pH 
7.2, 298 K, 0.1 mol dm'3 phosphate buffer, I = 0.14) which is comparable with K for similar 
squarylium and methine cyanine dyes (typically 0.2-2 x 106). [4] A large hydrophobic cavity 
is present in the subdomain II of BSA and this is the probable target for SQ-1 binding. [20] 
The emission spectrum of SQ-1 in PBS does not change with ionic strength in the range 0.14- 
1.85, however, when SQ-1 is in the presence of BSA addition of NaCl causes a reduction in 
intensity and a blue shift in emission maximum consistent with a decrease in the binding 
constant with increasing ionic strength (Fig. 3.8). This suggests that the binding o f SQ-1 to 
BSA is dominated by electrostatic interactions.
The temperature dependence o f binding is shown in figure 3.9. A thermodynamic analysis 
reveals a linear van’t Hoff plot at temperatures between 288 and 320 K (insert Fig. 3.9). K 
decreases with temperature and analysis o f the linear van’t Hoff plot gives a negative 
enthalpy term and a positive entropy term again indicating that electrostatic forces are 
predominant in the binding. [25] Table 3.3 summarises the photochemical properties o f SQ-1 
along with thermodynamic data for binding to BSA.
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3.7.3 Circular dichroism
CD is a sensitive technique to monitor conformational changes in a protein upon interaction 
with a ligand. The CD spectra o f BSA in the absence and presence of increasing 
concentration o f dye is shown in figure 3.10. The CD spectra of BSA exhibited two negative 
bands in the UV region at 209 and 222nm charcterisitic o f an a-helical protein. The CD 
results are expressed in terms of mean residue ellipicity (MRE) in deg cm mol' and 
calculated according to equation 3.1
MRE = ObservedCDsignal 
Cp-n-1
Where Cp is the molar concentration o f protein, n is the number o f amino acid residues and 1 
is the pathlength. The a-helical contents of free and dye bound BSA can be calculated from 
equation 3.2
a  -  helix% =
^ -M R E 208 -4 0 0 0 ^
v
.100 (3.2)
33000-4000
Where MRE208 is the observed MRE at 208nm, 4000 is the MRE of the (3-form and random 
coil conformation and 33000 is the MRE of pure a-helix. From equation 3.2 the quantitative 
analysis o f the a-helix in the secondary structure o f BSA can be obtained. Upon increasing 
concentration o f SQ-1 there is a loss o f the a-helical structure from 74% in the free BSA to 
54% in the SQ-l-BSA [SQ-1]= 0-6 xlO"4 mol dm'3. This suggests that the binding of 
increasing amounts o f SQ-1 to BSA interrupts the hydrogen bonding networks that make up 
the polypeptide chain.
3.7.4 Photochemical stability
Stock solutions o f 1 x 10-6 mol dm 3 SQ-1 in aqueous PBS were exposed to different 
environments as follows. One was purged with N 2 for 15 minutes, sealed, and kept in the 
dark(A); one similarly purged and sealed but left in ambient room light (B); one open to air 
kept in the dark (C), and one open to air and left in ambient room light (D); and finally one 
frozen and kept in the dark at -5 °C (E) Emission spectra were obtained periodically over 200 
hours for all samples (the frozen sample was warmed to room temperature before 
measurement and then refrozen after measurement, other samples were re-purged as
99
necessary before re-storage). There was no change in emission spectrum or intensity for A 
and B but for samples in air-equilibrated water there is significant loss o f emission intensity 
(Fig. 3.12). This suggests degradation is oxidative but not light driven. Storage under 
nitrogen or as frozen solution allows use o f working stocks o f SQ-1 over a period of a week 
or more without the risk of significant degradation.
100
"T
O
I ' e / X j l S U S J U l  3 3 U 3 3 S 3 J O n [  J
or~j oc
V B / X j I S U 9 J U I  3  O U 3 3 S 3 J O t l  J  J
inin
<N
£T3
O
£
in
a
&
<
go
£0
W)
_ c
c /o
03
<d1—oc
c_o
a
c
a
03
c /o03
<D
o
c
<D
O
c /o
<Ds-.
O
3
q=l
_ c
a
C /0
03
<Ds-
o
c,
r -
CO
O
s-
3CD
<
CO
OQ
T3
C
0 3
in
*n j
r i
in
in
(N
o
in
in
<N
II
+
V~i
o
"><
in
m
Cxi
LIBRARY
oc
coc CN
OCcJD
o
>CO
o o o
(•B/AlISUSJUI 33U3DS3JOny
o
7<
LTiir>
r iJ\_^
<  cn CQ
CDoG<D
C /3CD>-
G .
CD_C
E"O
O
£
VO
O
X
a
CxG£
c+-O
cc
CD
-G
00CCD
O
’£_o
<+-o
»O
w
oc
(NO
<D0/ s-
3  ( D  
©0 rG
1Z ^
I 
is 
as 
fo
llo
w
s:
 
+ 
= 
0.
13
97
; 
#= 
0.
35
37
; 
A=
 
0.
55
7;
 □
= 
0 
.7
81
7;
 x 
= 
0.
99
57
; 
*= 
1.
42
37
; 
0= 
1.
85
17
.
<uu*3cC
Vh<L>
Cl
BV
V*,o
o
cn
o
C-
Q .
Zln'B/X^ inua^ u; o3uoono4on| ^
c3~o
0)
si
_o
c.
H-1M-H
O
X
a03
>
CD
_ C
- 5
coG-in
0 )
fc
O
o
< u
4 =
CD
o
< Nro
i
oc
oc<N
CDCOc
03
Ta
bl
e 
3.
3.
 C
om
pa
ris
on
 
of 
the
 
ph
ot
oc
he
m
ic
al
 p
ro
pe
rti
es
 
of 
SQ
-1
 
no
n-
co
va
le
nt
ly
 
bo
un
d 
to 
BS
A
. 
[S
Q
-1
] 
5 
x 
10 
'5 
m
ol
 d
m
'3. 
[B
SA
]=
7.
5 
x 
10
 
m
ol
 d
m
' 
.
xn
<D
G—i • ^
<D
cd-♦-*
c / 3
cd<D
GO
co
• >
cd
2T3O
<L>
C /3
cd
C
cd3
cx
<D
cd
c / 3
w
moo
%oo
©
oo
<N
c4
<N
■'d-<N
CX
GO
<
GO
PQ
X3a
cd
a
GO
ON
.&45C/3
$5
.O
Id
s-i
OJQ1-1<L>
PQ
i-io
Mo
•
J-H
■4->
GO
T3
S5cd
cd
odT3
<D
-4-*cd-*->
C/3
>»*03cd<D-4—>
C/3
ao
*
ncj<u
.3
<u
<uT3
*
Ta
bl
e 
3.
4.
 T
he
rm
od
yn
am
ic
 
pr
op
er
tie
s 
for
 t
he 
no
n-
co
va
le
nt
 b
in
di
ng
 
of 
SQ
-1
 
to 
BS
A 
[S
Q
-1
] 
(1.
45
 
x 
10
'6
m
ol
 d
m
’3) 
and
 
[B
SA
]=
(2
.5
5 
xl
O
'5)
o
<
§
C / 3aoo
oo
.3
.a
§  1
*
PQ *4
S-H
g
I<DH
<N
inoo
r-VD
in
m
OO
(N
OO
in(N
oo
o
co
oo
io
oo oo<N
inoo CO<N
oooo(N
ooOs(N
COom
00om
50
00
0
o
o'
soo
(N
4
♦
oo
o
o o o o o o o oooo
ooo
ooo<N
ooo
ooo
ooo<N
ooo
cxm
c_o
■I— 'cd s—
G<D 
CJ 
Go
CJ 
00 
_G
c / 3cd 
C JJ-H
CJ_c
C+Ho
G  C
^  -2
tj
^ 7  G
O  ^
“  scd
00
.2 oC/3^
 cd
"  2
C J  £C .O
a
GO|
<DG
<Ul-i<L>
,J0uip ui3-8ap/[Q]
C+Ho
G J
CJC
G J
C /3
G J!—C-
c jG
< in 
QQ
T3Gcd
<cn
CQ
GhHo
cdLh
•4—>
CJ
G J
CL
o
£
C J
■a
G
C J
• id
U
m
cj
<—
3
OJD
S
C+-IO
aj
00
iSc
CJ
cjVi
gjO-
gj
00GcdG
CJ
CJ-c
£oG
sOII□
S O
O
m
o>
_ c
H
o
o
inin
<N
<DO
73C
cd
£73
o j jB y  u o |iB |n p o iA |
N
X
>o
c
<1)
D
O ’
<D
( 0 0 J 6 0 P ) © S B q y
in•'d'
O;Xi:
<oo
CQ
o
O'C/5
00c
-5c
15
•4—»
CJD
CO
>o
o
_ o
a.
<d
£
p
7 3
O
cd
xCu
m
a>
s—
3
OX
cd
QQ
x
o
CD
>
' £
D
c / f
CD
7 3
7 3
CD
o
u
X )
p
o
7 3
CD
' £
cd
CD
C /3
cd
£r O
CQ
oco
<u o 
c  E  '-P
2  i= 1
o 
o
<u
cd
to
<uGO
o ^
o  0 0
c- c .G <D
O ^
£ TO^ C
C ^o o
£  ^Cd t ■
c «»
i  sM o
~  a
g  ,
f? w
3  A
cd
<o ^
“  £
TO oo
G —
”* BTO 5o 2
£? 2
-  g
<  1
II Cdt- \>
3 x> Go  ••_i
£  w ^
*-' oj
§ 00£ c,<!■> TO 3Q GO
^  .£P
G
<10TO GG X> 
C/O S  
CQ
CL. . £
c .b
'  cd
® 7  O
9* aC/O <u
^  R-o  O
S u
15 II
3  □
c/o •
r. ^G J—iO G
\ C  t o
T3 _c
cd TO
00 £
<D
Q K.oO Cl
rn co
o  o
1ISU3JUI 3 0 U 3 0 S 3 iO n y  [BIJlU l JO  3 g B J U 3 0 J3 (J  3  JO
OJD w
• -  G .
U. C
The quantum yield o f degradation in PBS, for excitation with 590 nm light, was measured to 
be 4.2 xlO'5 by reference to the ferrioxalate actinometer [17]. This low value indicates a dye 
which is very stable to excitation into the visible absorption band. In D2O the quantum yield 
of degradation is increased to 3.7 x 10"4; an observation which is consistent with a singlet 
oxygen photodegradation route, as found previously for other squarylium dyes. [23]
3.8 Cell culture and imaging
3.8.1 Cell imaging
As can be seen in Figure 3.13 SQ-1 is capable o f binding to the cell membrane proteins 
resulting in a strong fluorescence over the entire cell with negligible background 
fluorescence.
SQ-1 is compatible with common microscopic excitation sources and band pass filters, 
producing a strong image and good resolution. The excellent photostability o f the dye allows 
an increased time for observation and image capture. The water solubility and possibility o f 
covalent labelling o f amine groups, suggest that highly fluorescent bioconjugates could be 
produced with potential applications in immunoassays and in vivo studies, without the need 
for organic solvents or complex labelling reactions.
3.8.2 Cell viability
Two different cell viability assays were carried out using dye concentrations in the range 
0.004 -6 x 10^ mol dm'3. At the concentration range studied there was no significant increase 
in cell death for metabolically competent cells used in this study. As seen in Fig. 3.14, cell 
viability remains largely invariable with dose, and even at the top dose o f 6 x 10-4 mol dm'3 it 
remains at 94%. The results of the cell viability tests and the clear, high resolution 
microscopic images suggest that at the concentrations studied SQ-1 could be used to image 
live cells without significant cell death.
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Figure 3.13: V79 cells fixed using 90% paraformaldehyde, stained using SQ-1, 
counterstained with DAPI. Red emission from SQ-1 bound to membrane proteins and blue 
emission from DAPI bound to nuclear DNA.
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Figure 3.14: a. Effect o f  SQ-1 on cell viability using Trypan-blue exclusion assay. Solid 
column: % o f  cell which are viable; open column: % cells which are non-viable Standard 
error =  0.6. b. Effect o f  SQ-1 on cell viability as demonstrated by the MTS assay.
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3.9 Conclusions
The synthesis and photochemical characterisation of a cheap, easily synthesised (one- 
pot) symmetrical squarylium dye, SQ-1, for non-covalent labelling o f proteins, has 
been described. SQ-1 meets the key criteria for a useable NIR probe including: 
absorption and emission maxima in the red spectral region, excellent water solubility, 
and high chemical and photostability. The noncovalent labelling of proteins is an 
attractive option as it is a fast method which requires minimal sample handling.
r i o
Key photochemical characteristics o f SQ-1 are: 8 (A,max) = 1.0 (±0.05) x 10 mol' dm 
cm'1: <Drt solution = 0.08; O77 k ~ 0.24; solution fluorescence anisotropy = 0.22 (±0.02); 
a quantum yield o f photodegradation in PBS o f only 4.2 xlO '5 = 360 nm with a 
singlet oxygen route suggested for photodegradation; and little variation in emission 
properties with either ionic strength or pH over the range pH 4-10. SQ-1 binds non- 
covalently to BSA with K = 2.8 (±.0.5) x 105 (at pH 7.2, 0.1 mol dm '3 phosphate 
buffer, I = 0.14), and shows a 4 fold increase in the quantum yield when bound in this 
way. This in in contrast to a number o f currently commercially available dyes, e.g. 
CY5, where the decrease in quantum yield when bound to proteins [24] can cause a 
decrease in the overall sensitivity in immunoassays. Phase modulation measurements 
give a bound lifetime of 2.4 ns sufficiently long for for practical measurement in a 
clinical environment. K decreases with temperature and analysis o f the linear van’t 
Hoff plot gives a negative enthalpy term and the positive entropy term indicating that 
electrostatic forces are predominant in the binding. [25]
The absorption and emission characteristics of SQ-1 make it compatible with 
commonly used excitation sources such as red diode and He-Ne lasers, and 
avalanche photodiodes detectors.[13] Storage under nitrogen or as frozen solution 
allows use of working stocks o f SQ-1 over a period o f weeks or more without the risk 
o f significant degradation. The carboxylic acid functionality offers the possibility o f 
conversion to the amine reactive N-hydroxysuccinimide ester for covalent labelling o f 
fluorescent markers to drugs, DNA and antibodies.
Cell imaging and viability studies show SQ-1 to have low cytotoxicity and excellent 
imaging characteristics.
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Due to the favourable chemical and photochemical characteristics SQ-1 will be 
particularly useful for fluorescence based biomedical applications such as 
immunoassays.
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Chapter 4
Investigating factors affecting 
kinetic heterogeneity of lifetimes 
and oxygen quenching of PtOEP 
and PdOEP in thin film sensors
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4.1 Introduction
4.1.1 Introducton
Chemical sensor research is one of the most fruitful, exciting and interdisciplinary 
areas o f analytical chemistry. Sensor for molecular oxygen, which it is one o f the 
most important gases in our environment and a key metabolite in aerobic systems, are 
particularly important since the measurement of oxygen is a key parameter in many 
areas o f technology and research. Oxygen measurement finds widespread application 
in biotechnology, industry, marine science and biomedicine. It is often essential to 
control the gaseous flow, and solution concentration of oxygen in many aspects of 
engineering and biomedicine. [1-9]
Much attention has centred around the use o f polymer encapsulated oxygen-quenched 
lumophores as optical oxygen sensors. For these sensors there is an [O2] dependent 
reduction in luminescence intensity as a consequence of oxygen quenching o f the 
emitting state. [5,10-24] As discussed in chapter 1 the use of transition metal 
porphyrins for oxygen sensing has become increasingly popular. [16-29] Platinum and 
palladium porphyrins remain the most commonly used metalloporphyrin lumophores 
as they have: high quantum yields of emission, long excited-state lifetimes, (0.1-0.2 
and 0.4-0.9 ms respectively, [17,19,20,25,29,30]), are compatible with hydrophobic 
polymers, and have excitation and emission wavelengths in the visible region o f the 
spectrum. [10-16] Modification o f the porphyrin ring by the addition of alkyl or 
ketone groups produces lumophores of different natural lifetimes and oxygen 
sensitivities. Pt and Pd octaethylporphyrins (PtOEP, PdOEP) (Figure 1) remain the 
most widely used lumophores [25,26, 30-32] but other derivatives such as PtTFPP, 
[32-34] and PtOEPK [23], are receiving increasing attention due to their enhanced 
photostability.
4.1.2 Stern-Volmer analysis
In general the results of such studies are discussed in terms of Stem-Volmer analysis 
o f emission data. For a homogeneous system with lumophore, L, which decays
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naturally by a first order process with rate constant, kuq, and which is dynamically 
quenched by oxygen, with a rate constant kq, the rate o f decay o f the excited state of 
the lumophore, L*, is given by:
-d[L*]/dt = (*uq +*q[02])[L*] (4.1)
For a homogeneous system, luminescence is expected to decay exponentially and 
there should be a linear relationship between the quenching efficiency, i.e. Io/I or x/xo, 
and [O2]. Given by
Where Io is the emission intensity in the absence of oxygen, I is the emission intensity 
in the presence of oxygen, To is the lifetime in the absence o f oxygen, kq the 
bimolecular rate constant for oxygen quenching and [O2] is the concentration o f 
oxygen. The equivalent kinetic equation sees Io/I replaced with xo/x where To and x are 
the lifetimes in the absence and presence of oxygen at concentration [O2] respectively.
Although fluid solution studies usually yield linear Stem-Volmer plots, a common 
characteristic o f oxygen quenching of polymer encapsulated lumophores is a Stem- 
Volmer plot with downward curvature. A second common feature o f oxygen 
quenching for almost all polymer/lumophore combinations is a non-exponential 
emission decay in the presence o f oxygen and a non-linear relationship between Io/I or 
t / to  and pC>2 . [10-28] Such behaviour is usually discussed in terms of heterogeneity in 
which the lumophore is considered to occupy a distribution of sites.
I0/I= l+  X0^ q[O2] (4.2)
120
2+
Trii(2.2-tiD .-nSm t)Ru in; IRiKbwlJ1*
R «H  tris;i.io-prienanmroltte;Ruril>[Ru<phen)j):
R= P i t  tris!4.7-diph*rr<-H .iO -pri*nanlhrelin*; Rufil> IRutdpph)2*
R = H MelaliopoTDhyrin
R = CHjOHj. Meiallo-octaetfr,'! poprtiynn (MOCP)
M etaio-octaethyl pofwftyrtn ketone <MOEPK)
M etalio- tetrcphenylporphynn 
(MTPP)
le ta lo -  tetr^<js<pertafliJarophcnyl)porplrvrin 
(MTFPP)
Figure 4.1 structure of lumophores discussed in this chapter.
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4.1.3 Polymers
The work in this chapter deals with polymer encapsulated lumophores and a brief 
introduction to the relevant properties of the polymers used will be given here.
4.3.1 Movement o f  gases through the polymer
The matrix used to encapsulate and support the lumophore must be permeable to the 
analyte. With respect to oxygen the permeation through polymers is thought to 
involve several stages: (i) sorption o f the gas onto the entering face o f the polymer,
(ii) dissolution o f the gas in the polymer (iii) diffusion through the polymer (iv) 
desorption from the other face. [37]
The oxygen permeability P02  is given by:
P0 l = S 0 D (4.3)
Where S 0 and D0  ^ are the solubility and diffusion constants for oxygen
respectively. The magnitude of D 0i is related to the packing of polymer chains; the
looser the packing, the faster and easier the diffusion process. In turn, this is related to 
the polymer crystallinity. In a polymer there can be regions of high crystallinity (low 
disorder) where the Do2 and So2 will be low, and regions of low crystallinity (high
disorder) where Do2 and So2 will be high. A polymer film can therefore be considered
heterogeneous with a distribution in both So2 and Dor  Polymer crystallinity may be
decreased by the addition o f a plasticiser such as a phthalate or phosphate, to produce 
a more oxygen permeable film. [16. 38-40]
4.3.2 Materials for immobilisation
Many different lumophore/polymer combinations are known in the literature, example 
o f support matrices include ion-exchange resins, silicones [12], polymers [24,44,45] 
and sol gels. [42,43] Thin film sensors which use an encapsulated lumophore in a 
single polymer film offer advantages in terms o f ease o f fabrication, stability, speed o f 
response and polymer-plasticiser tuneability. Commonly used polymers in optical 
oxygen sensors may be divided into:
(i) silicone polymers e.g. poly(dimethylsiloxane). [46,47]
122
(ii) organic polymers e.g. polystyrene [35], poly(vinylchloride) and 
poly(methylmethacrylate). [45];
(iii) fluoropolymers e.g. poly(2,2,2-trifluoroethylmethacrylate). [45]
(iv) cellulose derivatives e.g. ethyl cellulose and cellulose acetate butyrate. [16, 26] 
The properties o f the sensor film will strongly depend on the properties of the 
polymer matrix, and in particular, its permeability to oxygen. Table 4.1 summarises 
the relevant properties of some common polymers.
Hydrogel polymers have gained much attention recently. Hydrogels polymers are 
water swollen polymers exhibiting a range o f permeability and selectivity 
characteristics which may be controlled by their monomer composition. [48] 
Hydrogels form a large and highly variable class o f polymers. [41, 48-50] Those for 
use in optical sensors for solutions need to be insoluble in water but also highly 
permeable to water and aqueous samples including serums. Typical examples of 
hydrogels include cellulose, dextrans, polyacrylamides and polyurethanes. [49-50] 
Polyurethane hydrogels have recently been used in a variety o f sensing applications 
and in commercial instrumentation because the polymer is highly biocompatible and 
has a high water uptake.
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Table 4.1 The oxygen permeability o f commonly used polymers. [58]
POLYMER OXYGEN
PERMEABILITY x 1013/ 
cm2 s'1 P a 1
OXYGEN 
DIFFUSION 
x l0 6/cm2 s 1
Poly(vinyl alcohol) 0.00665 -
Poly (vinyl chloride) 0.34 0.012
Poly(vinyl acetate) 0.36 0.056
Polystyrene 1.9 -
Polyethylene 2.2 0.46
Ethyl cellulose 11.0 0.639
Cellulose acetate 
butyrate
3.56
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4.3.3 Plasticization of polymers
Plasticization alters many properties o f a polymer including oxygen diffusion and 
solubility. Plasticizers are typically small molecules such as phthalates and phosphates 
that can decrease the attractive forces between polymer chains and increase polymer 
flexibility. The more open the plasticized polymer structure, the greater gas 
permeability compared to that o f an unplasticized polymer. Prior to 1968 very little 
had been published on the diffusion o f gases through plasticized polymers even 
though their use was widespread. The early 1990’s saw the use o f plasticizers in CO2 
sensor preparation to improve sensor response. In 1997 Mills et al. found that 
increasing the plasticizer concentration improved both sensitivity and speed of 
response of optical oxygen sensor. [16,38,39,51]
Plasticiser and polymer need to be compatible, i,e. have a similar solubility parameter, 
6, for the polymer to improve the response characteristics. A low difference between 
the solubility parameter o f polymer and plasticizer indicates high compatibility.
4.1.4 Modelling heterogeneity
The curvature of Stem-Volmer plots can arise in several ways and analysis o f both the 
lifetime and intensity o f emission can give useful information about the cause o f non- 
linearity. [25-26] In order to understand or model these deviations from linearity the 
lumophore is usually considered to occupy a distribution o f sites differing in one or 
more relevant property ie SO2, DO2 or To. Modelling the luminescence decay kinetics 
has been the subject o f much work and discrete [14,52] continuous [53-55] and semi- 
empirical models [14,15] have all been used.
4.1.4.1 Discrete models
Discrete models assume that there are two or more sites differing in a relevant 
property. One approach, the dual site model, assumes that the lumophore can exist in 
two sites. Some debate still stands over whether only one or both sites is quenchable, 
but they have differing characteristic quenching constants. [15,16,39,52] The multisite 
model takes this one step further and assumes that the lumophore can occupy a number 
of different sites. A second model is based on the non-linear gas solubility model
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which arises from the lumophore having different solubility co-efficient in different 
regions o f the polymer. [46]
4.14.2 Continuous distributions
Continuous distributions o f essentially arbitrary form such as Gaussian [53,56] or log 
Gaussian [53,55,56] are often used when data can take values across a continuous 
range, although generally the continuous distributions discussed here are modelled 
using a large number of discrete sites.
4.1.4.3 Empirical
Empirical methods used for the modelling o f heterogeneity within these films include 
the Langmuir isotherm adapted from adsorption studies of heterogeneous systems [15] 
and the Freundlich isotherm [59] which is usually used in adsorption studies when 
deviation from the Langmuir isotherm occur due to non-uniform surfaces, interactions 
between molecules, and/or multilayer adsorption.
4.1.4.4 Isotherms
The Langmuir isotherm is used to describe uniform adsorption o f a gas onto 
energetically equivalent sites o f a solid material.
Where [CLJads is the concentration o f the surface adsorbed oxygen, [C^ Jmax is the 
maximum concentration of oxygen that can be adsorbed and Kads is the equilibrium 
constant for adsorption.
The Freundlich isotherm described systems where some regions are energetically 
more favourable for gas adsorption, i.e, there is a distribution of adsorption sites.
[P2]ads (KaJapQ2)  
[Oz]max 1 +  Kadsp 0 2
(4.4)
(4.5)
Here a and n are considered to be empirical constants with no immediate physical 
significance. [14]
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Since the heterogeneity observed with the thin film sensors is thought to be due to a 
distribution o f some property, it seems reasonable to first consider the use o f a simple 
Freundlich isotherm when attempting to understand and model Stem Volmer plots. 
Studies o f the response characteristic of PtOEP and PdOEP in a variety o f polymers 
o f differing sensitivities have shown that the sensor response can be modelled well 
using a power law identical to the Freundlich isotherm [25].
y - 1 = a (p 0 2) p (4.6)
This can be used to give simple and precise calibration data, a  is the Stem-Volmer 
constant between 0 and 1, and p gives a measure o f the deviation from the linearity of 
the Stem-Volmer plot and hence an indication o f film heterogeneity. Table 4.2 shows 
the unquenched lifetime, sensitivities and average values o f a and p from the analysis 
o f both emission decay and steady-state data for a range of lumophores and polymers. 
[25,26] p varies very little from sensor to sensor and has an average value o f 0.90 ± 
0.03, this suggests that the nature of heterogeneity within the films is general and not 
strongly dependent upon lumophore or polymer.
4.1.5 Sensitivity
It has proved convenient to express the sensitivity o f the sensing system as the 
reciprocal of the partial pressure that lead to quenching o f 50% of the initial 
luminescence( I/S 50). The sensitivity for a linear Stem-Volmer relationship is equal to 
the Stem-Volmer constant. There is a linear relationship between the oxygen 
permeability and sensitivity o f PtOEP polymer films. Examination o f the sensitivity 
of differing polymer systems and the effect of humidity is known in the literature and 
may be a useful parameter in designing sensors for specific applications such as 
dissolved oxygen sensing. [25,26]
4.1.6 Dissolved oxygen sensing
As discussed in chapter 1 determination o f dissolved oxygen is extremely important in 
a variety o f technological and bio medicinal industries. To date, the Clark type oxygen
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electrode is the most commonly used sensors for oxygen determination for many 
years. Unfortunately, electrodes of this type possess the disadvantages of: oxygen 
consumption during the measuring of oxygen, the need for continual stirring, long 
measurement times, and electrode “poisoning” .
Metalloporphyrins immobilized in polymer matrices have been widely investigated 
as gas phase oxygen sensor yet there is little literature on the use of metalloporphyrins 
as optical sensors for dissolved oxygen. One group reports the design o f dissolved 
oxygen sensor based on PtOEP in a fluorinated polymer but the sensor response 
showed significant deviations from linearity [59-60] And while fluorinated organic 
polymers possess many o f the desirable properties for use as an oxygen sensor matrix 
they are not readily soluble in common solvents Other examples of dissolved oxygen 
sensors include the use o f erythrosin B encapsulated in a sol-gel [60] and in a sol- 
gel/fluoropolymer combination. [62] However the responses o f these sensors also 
show considerable deviation from linearity, and this can lead to problems with 
calibration. Hydrogel polymers are a group of potential polymers for the design of 
dissolved oxygen sensors. They have excellent mechanical properties, excellent 
stability across a range o f pH and excellent water uptake. Furthermore the low 
adhesion of proteins to the hydrogel increases the biocompatibility.
Humidity has been shown to effect the sensor response and sensitivity, but little is 
known on the effect of water on the heterogeneity or sensitivity of POEP in hydrogel 
polymers.
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4.1.7 Aims of the work described in this chapter
Although porphyrin thin film sensors have received much attention as optical oxygen 
sensors, many factors affecting the response characteristics o f the sensor are still not 
fully understood. Understanding kinetic heterogeneity is an important step in 
understanding response characteristics, and in this chapter results from two studies o f 
kinetic heterogeneity in thin film polymer sensors are described and discussed. The 
first study examines oxygen quenching o f Pt and Pd OEP in ethyl cellulose films with 
gas phase sensors in mind, while in the second study they are incorporated into a 
polyurethane hydrogel for application as solution phase sensors.
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4.2 Steady-state and kinetic studies of Pt and Pd OEP in ethyl cellulose 
films
4.2.1 Results and discussion
The non-linearity o f Stem-Volmer plots from steady state and kinetic studies of oxygen 
quenching of Pt and Pd OEP in ethyl cellulose films can be modelled well using the 
Freundlich isotherm. Heterogeneity of the oxygen quenching reaction kinetics has been 
linked to a distribution in S02  and/or D 0 2 • In the presence oxygen luminescence decay curves 
give poor fits to single and double exponential analysis and this has previously been assigned 
to heterogeneity in kq within the films. Better fits to a double exponential fit are seen in the 
absence o f oxygen, and initial studies suggested the goodness o f fit to a single exponential is 
improved at lower porphyrin concentrations.
4.2.1.1 PdOEP in unplasticised film s
As expected from previous work [25,26,36] in the presence of oxygen the time resolved 
emission decay curves of polymer encapsulated PdOEP are poor fits to single and double 
exponentials, figure 4.2 illustrates the time resolved oxygen quenched decays of PdOEP/EC 
along with the fits to single and double exponentials and corresponding residuals as both the 
high and low PdOEP concentration used here (1.2-22 x 10'5 mol dm'3). However, the 
unquenched time resolved emission decay curves for PdOEP/EC films show good fits to 
single exponentials across the concentration range studied, and there is no variation in 
lifetime with concentration.
4.2.1.2 PtOEP in unplasticised films
The unquenched time resolved emission decay curves for PtOEP in EC thin films of 
increasing concentration are shown in figure 4.3. Unlike PdOEP these show a decrease in 
lifetime with increasing concentration.
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4.2.1.3 Free f i t  analysis
In the presence o f N 2 time resolved emission decay curves o f the polymer encapsulated 
PtOEP at low concentration (1.56 x 10'5 mol dm"3) are good fits to single exponential o f the 
type y= A+ a e 1** where A is a small background correction term, a  the amplitude and k the 
rate constant. As the concentration o f PtOEP increases the single exponential fits become 
very poor. Figure 4.4 shows the results of free fitting the decay curve for the lowest and 
highest PtOEP concentration (1.1 x 10'5 mol dm"3 and 49.9 x 10"5 mol dm"3) to a single 
exponential decay and the corresponding residuals for each concentration.
The good single exponential fit to the low concentration film experimental data gives k = 
0.0101 x l O 6 s'1.
4.2.1.4 Double exponential analysis
As the concentration increases a single exponential fit is inadequate to describe the 
experimental data. A double exponential o f the type y =A+ aie"*'1 + o^e'*2* can be used to 
describe the data and figure 4.5 shows the single and double exponential fits and 
corresponding residuals for the time resolved emission decay for [PtOEP]=(1.24 x 10 "5 mol 
dm"3) and highest (49.6 x 10 "5 mol dm'3)
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At high concentration the double exponential decay can be analysed as two 
components with k] ca. 0.010 x 106 s"1 and k.2 ca. 0.05 x 106 s'1.
4.2.2.5 Fixed rate analysis
One sensible interpretation o f the data is that there are two distinct species with 
different lifetimes present in the sample, e.g. a monomer and an aggregate. With this 
in mind a double exponential fixed rate analysis where ai and 012 are allowed to vary 
freely but kj and are fixed at 0.0527 and 0.0101 respectively was fitted to the 
experimental data. This gives a good fit to the decay curves for all concentrations and 
Table 3.3 shows the concentration dependence o f the amplitudes o f two species and 
the contribution o f these species to the overall decay. The contribution of the “slow” 
species can be seen to decrease as the concentration increases with a corresponding 
increase in the contribution from the “fast” component.
Y = A + a ,e '00527x+ a2e'0'0l01x (4. 7)
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Table 4.4 Amplitudes o f the fixed rate constants from a double exponential analysis [(Y = 
A + aie '00527x+ a 2e'°'0101x) of time resolved emission from PtOEP/EC film at 0 Torr oxygen
Percentage contribution
[porphyrin]/
10'5 mol dm"3
kj (Fast) k2 (Slow)
1.24 1.1 98.9
3.10 2.2 97.8
6.20 11.2 88.8
12.4 13.8 86.2
24.8 23.8 76.2
49.6 34.0 66.0
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To express the dimerisation constant Kp in terms of contributions of the fast (dimer ai) and 
slow (monomer 012) from the fixed fit data (Table 4.4)
For a monomer:dimer equilibrium 2M ^  D (4.8)
Then the dimerisation constant Kd=  (4.9)
Assume that the laser pulse is exciting both the monomer and dimer equally the extinction 
co-efficient (e) of dimer = 2s o f monomer therefore the total concentration o f porphyrin is 
equal to (2[D]+[M ])
We show that
K([M ]+2[D]) =  ^  (4-10)
r r  2B >] , A m
Ql (2[D]+[Ml)
And Cb =  r ^ , (4.12)1 (2[D]+[Ml)
Substituting equations 4.11 and 4.12 into 4.10
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2[P]
g i =  pm + P ^B  , 4 n .
2(a2)2 2M 2 (413)
ppJ+tMl)2
Cancel throughout
«i _  [D]
2 (cc2) 2 [M]2( M  +  2 p D
(4.14)
S ubstitu te  for Kd gives equation 4.10
If there is an equilibrium of the form 2M=D, then a plot of ai/2(oi2)2 against PtOEP 
concentration, where aj corresponds to the dimer component and 012 corresponds to the 
monomer, will be linear with slope = Kd. The result of such an analysis is shown in Figure 
4.6; it shows good linearity from which a value o f Kd of 790 (±20) mol'1 dm3 is obtained. 
The linearity o f the plot suggests that the interpretation o f the two species present in the 
PtOEP thin film sensors as a monomer and an aggregate is reasonable. This has important 
implications in sensor design since it can be used to determine the maximum concentration of 
PtOEP that can be used before significant deviation from linearity o f Stem-Volmer plots 
arise.
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4.2.2.6 Stern-Volmer analysis
Stem-Volmer data, from the integrated emission decay following laser excitation, for all 
concentrations of porphyrin in the ethyl cellulose films were obtained as described in section 
4.2.1. The logarithmic Freundlich equation provides a simple and reliable method of 
calibration for PtOEP/polymer films using either steady state or time resolved emission data, 
[25,26]. As described in section 4.1.4.4 a simple form o f the equation can be used to model 
luminescence data, where:
Figure 4.7 shows the logarithmic plots for PtOEP/EC data obtained from steady state and 
time resolved emission, and table 4.6 summarises a and p values. There is good agreement 
between the values obtained for steady state and time resolved emission (table 4.6) These 
data shows that both a and P show a concentration dependence. The significant decrease in p, 
previously assigned to changes in heterogeneity [25, 26], with increasing concentration 
suggests that the heterogeneity of the sensing system is increasing, it is therefore suggested 
that the proportion of dimer contributing to the decay can affect the heterogeneity o f oxygen 
sensing. Variation in a  with increasing concentration can be rationalised by the decrease in 
lifetime (calculated from experimental data and curve fitting by Jandel curve fit) with 
increasing concentration, and, a plot of Ln a vs pLn(xO) is linear.
Y  - 1 =  a (p o 2) p
(4.15)
(4.16)
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4.2.3 Steady-state and kinetic studies of Pt and PdOEP in ethyl cellulose plasticised 
films
4.2.3.1 Effect of plasticisation
Plasticisers have been widely used in thin polymer film sensors to influence sensor response 
[13, 38-39]. Plasticiser-polymer compatibility is determined by the relative strengths o f the 
intermolecular forces between and within the plasticiser and polymer. Some measure o f this 
is given by the difference in solubility parameter, 5, o f plasticiser and polymer [13, 38-39]. 
For this study we chose plasticisers o f different 5 as shown in table 3.1 with SEC, 
8TEP,8TBP and 8DMP being 21.1, 22.3, 17.5 and 19.2 (J cm'3)'7, respectively.
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4.2.3.2 Time resolved analysis
The unquenched emission decays for PtOEP/p last ic is ed/EC films with increasing 
concentration o f plasticiser are shown in figure 4.9 a-c. Although there are minor differences 
in the decay curves increasing the concentration of plasticiser does not signifcantly affect the 
unquenched time resolved emission. A single exponential fit is inadequate for any of the 
data,. However, for all cases a double exponential free fit analysis o f the type used for 
unplasticised films gives a god fit to the data, as shown in Fig.4.10 -4.12 Table 3.9 collects 
the kinetic parameters for each system. The rate constants for the two decay components are 
typically ca. 0.012 x 106 s'1 and ca. 0.055 x 106 s '1, similar to those found in unplasticised 
films. As found in the study o f concentration effects with PtOEP in EC films a fixed rate 
double exponential fit with ki and k2 = 0.0527 and O.OlOlx 106 s'1 gives a satisfactory fit for 
all decay curves, and table 3.11 gives the relative contributions o f fast and slow components. 
It can be seen that the major contribution to the decay is the slow species previously assigned 
to the monomer. The concentration o f PtOEP used in the plasticised films (1.1 x 10'5 mol dm' 
3) is expected to have a high proportion o f monomer in excess o f 95% (table 4.4). It is 
therefore concluded that the relative proportions o f monomer and aggregate are significantly 
affected by plasticiser presence independent of the concentration of plasticiser.
4.2.3.3 Stern Volmer analysis
As seen in previous studies the presence o f plasticiser increases the sensitivity o f the 
response. With increasing plasticiser concentration there is a slight increase in the downwards 
curvature of the Stem Volmer plots, as shown in figure 4.13.
4.2.3.4 Heterogeneity
The result show that an increase in plasticiser concentration causes an increase in sensitivity 
as found previously for other polymer/lumophore systems. When analysed using the 
Freundlich isotherm the average value for p for plasticised films is 1.1 ± 0.12. The value is 
higher than that seen for unplasticised ethyl cellulose o f comparative concentration 
(0.90±0.03).
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Figure 4.9. Unquenched time resolved emission for 10 -  50 pphr plasticised PtOEP/EC. A- 
TBP, B is DMP and c is TEP.
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4.2.3 Steady-state and kinetic studies of PtOEP in hydrogel films
Hydrogels form a large and highly variable class of polymers [41, 48-50]. Those used 
in biomedicine are insoluble in water. Polyurethane hydrogels have recently been 
used in a variety of sensing applications and in commercial instrumentation. A high 
water uptake and good biocompatibility make these potentially useful materials for 
thin films sensors for biomedical applications. [48-50]
4.2.3.1Time resolved emission data
Figure 4.14 shows the time resolved emission o f PtOEP/hydrogel film as a function of 
PtOEP concentration. As, perhaps, expected from previous work with EC films, the 
unquenched emission show a decrease in lifetime with increasing concentration.
4.23.2  Free fitting single expontential analysis
At low concentration (1.1 x 10'5 mol dm'3) the decay curves are good fits to single 
exponential o f the type y= A+ ae kt. Figure 1.15 shows the results o f free fitting the 
decay curve for the lowest PtOEP concentration (1.1 x 10'5 mol dm'3) in hydrogel to a 
single exponential decay and the corresponding residuals.
4.23.4  Free f i t  double exponential analysis
At a higher concentration ([PtOEP] = 66.2 x 10‘5 mol dm'3) a single exponential fit is 
inadequate but a double exponential free fit o f the type (Y=A+ aie 'klt + ot2e'k2t was 
applied to the experimental decay data in which all a and k are allowed to vary freely, 
the decay curves o f all concentrations can be fitted well as shown in figure 4.16.( 
Intermediate concentrations omitted for clarity). Table 4.10 summarises the kinetic 
analysis from free fitting.
The double exponential analysis o f the experimental data suggests that globally the 
decays can be analysed as two distinct components, one fast and one slow. The slow 
component has a rate constant o f ca. 0.010 x 106 s'1, which is comparable to that 
found at low concentration in the single exponential analysis and the fast component 
has k ca. 0.050 x 106 s '1, comparable to that found for ethyl cellulose films.
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Table 4.11 Amplitudes o f the two components from a fixed rate double exponential 
analysis [(Y = A + aie '00527x + a 2e'°'0101x) where k\ and are fixed at 0.0527 and 
O.OlOlx 106 S'1] for the unquenched time resolved emission o f PtOEP/hydrogel films.
[PtOEP]/ 10'5mol d m 1
Percentage contribution
a\(k = 0.101 x 10b s-J) a2(k= 0.527 X 10  ^s '1)
1.1 96.44 3.56
2.4 92.90 7.10
5.3 89.03 10.97
9.2 85.92 14.08
20.1 80.20 19.80
33.1 72.63 27.37
66.2 55.44 44.56
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4.23.5 Fixed rate analysis
Table 3.13 collects kinetic data for a fixed rate analysis similar to that used for EC 
films with fixed rate constants of 0.010 and 0.0527 x 106 s '1 The relative amplitude o f 
the fast species increases with increased concentration. Following the analysis used 
earlier for PtOEP in EC films a plot of ai/2(a2)2 against [PtOEP] is shown in
3 3Figure.4.17. It shows good linearity from which a value o f Kd o f 990 (±50) m of dm 
can be obtained.
4.23.6  Oxygen quenching - integrated emission intensity
Stem-Volmer analyses o f the total integrated emission intensity found from the area 
under the decay curves in figure as a function o f increasing oxygen pressure for 
[PtOEP=l.l x 10"5 mol dm"3] is shown in figure 4.18. The Stem-Volmer plot does not 
significantly deviate from linearity at low concentration, whereas a more significant 
deviation is seen as the concentration increases.
4 .23 .7  Calibration and heterogeneity
Figure 4.18 shows the logarithmic plots for analysis using the Freundlich isotherm for 
PtOEP/hydrogel sensors. Table 3.14 collects a and p values for both the steady state 
and lifetime data; the two sets o f data aree well with each other. The Freundlich 
isotherm provides an easy calibration for both gaseous PtOEP/hydrogel thin film 
sensors. The data also shows that both a  and p show a concentration dependence. The 
significant decrease in p with increasing concentration suggests that the heterogeneity 
o f the sensing system is increasing, which may be a result o f increasing dimer 
contribution.
4.23.8 Dissolved oxygen sensing
At a low concentration of PtOEP the fits to a single exponential when the film is used 
for sensing dissolved oxygen is adequate, figure 4.19, with increasing concentration
164
the fit is less adequate and can be described well with a double exponential figure 
4.20. A comparision o f Stem Volmer plots for steady state and time resolved emission 
is shown in figures 21 and 22 respectivley and both can be described well using the 
Freunlich isotherm. At a given concentration the value o f p does not vary significantly 
for gaseous or dissolved oxygen which is further confirmation that there is no 
significant change in heterogeneity when the sensor is used in solution for dissolved 
oxygen rather than dry for gas phase sensing as summarised in table 4.12
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4.3 DISCUSION AND CONCLUSION
The kinetic heterogeneity observed for PtOEP polymer thin films sensor films under 
nitrogen has been shown to be due to a monomer:dimer equilibrium for which the kinetic 
data can be analysed in terms o f two exponentials with ki = 0.0527 x 106 s_1 (dimer), &2 = 
0.0101 x 106 s_1 (monomer). The dimerisation constant (K d) = 790 (±20) mol-1 dm3 for EC
 i o
and 990 (±50) mol dm for polyurethane hydrogel. With low concentrations o f PtOEP 
yielding linear Stem Volmer plots. Calibration at all concentrations is possible using the 
Freundlich isotherm.
In contrast, for PdOEP in PdOEP/EC films there is no detectable aggregation with good fits 
to single exponential curves at all concentrations studied (1.22-22 x 10 moldm '3).
The formation of Pt-Pt dimers is not surprising and can be explained in terms of metal-metal 
interactions forming due to the platinum in the porphyrin adopting a square planar geometry
Q
as is expected of d platinum complexes. The metal-metal interactions are caused by 
molecular orbital symmetry interaction between the a* anti-bonding orbitals and the empty 
Pzo and o*orbitals. The result is an increase in energy o f the empty orbitals and a decrease in 
energy of the filled orbitals generating a weak metal metal bond
The electronic ground state of Pt the d9sl state is the ground state, the dlO configuration 
being 0.48 eV (11.1 kcal mol-1) higher. In contrast, the ground state for Pd corresponds to a 
closed-shell dlO configuration, the open-shell d9sl configuration lying 0.95 eV (i.e., 21.9 
kcal m o l1) above. [63-64] Some examples o f d8/d8 Pd(II)/Pd(II) interactions, although weak 
due to a pseudo-closed-shell type, are also known. [64]
Unquenched laser traces for unplasticised films are good fits to single exponentials when 
[PtOEP]= 1.1 x 10' mol dm ' In comparison to an unplasticised film with the same 
concentration o f PtOEP the addition o f plasticiser causes an increase in the kinetic 
heterogeneity for the decay o f PtOEP in the absence o f oxygen. Using the monomer/dimer 
model this can be understood if the plasticiser shifts the equilibrium towards the dimer.
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The PtOEP/hydrogel sensing system has been evaluated as a dissolved oxygen sensor. The 
kinetic heterogeneity of the sensor is unaltered when wet. The sensitivity and Stem Volmer 
quenching constants of the unplasticised hydrogel thin film sensor (Table 3.12) are 
comparable for the wet and dry sensor. The advantageous properties o f the hydrogels 
such as biocompatibility and low protein absorption make this sensing system ideal for 
further studies.
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Chapter 5
Optical thin film sensors based on 
luminescent nanoparticles in a 
biologically compatible hydrogel
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5.1 Introduction
Chemical sensor research is an exciting interdisciplinary area o f analytical chemistry [1-7]. 
Sensors play an important role in technology, particularly environmental and biomedical 
technologies. [1-14] Molecular luminescent sensors have received an increasingly enormous 
attention due to their high sensitivity, ease o f preparation and ability to sense more than one 
analyte with a given sensor [1-4]. Luminescence optical sensors are typically prepared by 
incorporating an analyte sensitive lumophore into an analyte permeable support matrix. [1-6] 
The response characteristics depend on both the lumophore used and matrix characteristics 
such as solubility and diffusion which in turn can often be related to matrix properties such as 
density, viscosity and hydrophobicity. [14-16]. The immobilization o f luminescent probes 
within polymer and inorganic particles is o f great interest in order to prepare new sensors for: 
viscosity, solvent polarity, metal ion detection [17], and for pH measurements in biological 
systems. [18]
5.2 Oxygen sensing
Oxygen sensors play an important role in technology, particularly environmental and 
biomedical technologies where the measurement and control o f gaseous and dissolved 
oxygen is often a key parameter. [7-13] Accurate measurements of dissolved oxygen 
concentrations are required in many biological studies and applications, e.g. in the study of 
living cells or cell components where oxygen is used as an electron acceptor at the end of the 
aerobic pathway o f glucose oxidation. [13, 19-20] In recent years, thin film optical oxygen 
sensors have emerged as attractive candidates for both gaseous and dissolved oxygen 
detection and measurement. [20-25] In these devices, the sensor response is characterised by 
a change in some optical property, such as luminescence or absorbance, as a function o f 
oxygen concentration. [7-13, 21-34]
Luminescence-based devices provided a non-destructive means o f quantitative oxygen 
measurement and, to some extent, are tuneable with regard to oxygen sensitivity [30-35]. 
Some dissolved oxygen optical sensors are commercially available, for example Ocean 
Optics and Fluorometrix have launched optical sensors for dissolved oxygen but they are still 
very expensive and large, which makes them inconvenient for field use. The need for 
personal computers for control, and expensive software, further complicates the design and 
increases cost. [29] Luminescence optical oxygen sensors are typically prepared by 
incorporating an oxygen sensitive lumophore into an oxygen permeable support matrix. The
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response characteristics depend on both the lumophore used and matrix characteristics such 
as oxygen solubility and diffusion. [29-33]
Luminescence optical sensing involves the quenching o f luminescence from an excited-state 
lumophore, L*, as a function of changing oxygen concentration
L* + 0 2- > L  + 0 2* (5.1)
In heterogeneous systems the relationship between the degree o f luminescence quenching and 
oxygen concentration, [0 2], is described by the Stem-Volmer relation.
Io/I = to/ x = 1 + x0kq[O2] (5.2)
Where kq is the bimolecular quenching rate constant, To and Io are the lifetime and intensity in
the absence of oxygen respectively, and x and I are the lifetime and intensity at oxygen
concentration [0 2], and the Stem-Volmer constant is given by Tokq. [30-34]
Luminescent oxygen sensing systems have been prepared using both intensity and lifetime 
based sensing. However the inherent drawbacks o f intensity based measurements include 
fluctuations in light source intensity, photobleaching of the analyte sensitive material, drifts 
in the optoelectronic setup, and background fluorescence. Sensors based on lifetime 
measurement do not suffer from excitation source fluctuations, variations in probe 
concentration, or photobleaching, but require more sophisticated instrumentation and some 
scientific skill in their use. [35-37] An alternative approach that circumvents the problems 
associated with intensity-based measurements, and the expensive complex instrumentation 
needed for lifetime studies, is the use o f ratiometric detection. This method is based on the 
use o f an analyte sensitive lumophore and an analyte insensitive lumophore with emission at 
different wavelengths. Like lifetime measurements, ratiometric techniques are insensitive to 
the variations o f the excitation light and optical path. A very interesting development is the 
use of lumophore doped nanoparticles containing both the sensing element and the reference 
element. [40-43, 46,50-54]
Phosphorescent metalloporphyrins have a number of desirable characteristics for use as
luminescent oxygen probes for biological applications. [34-39] These include: relatively long
wavelengths for excitation (compatible with common LED and laser sources) and emission,
long excited state lifetimes, large Stokes’ shifts, and high luminescence quantum yields.
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Metalloporphyrins have been widely studied as the sensing element in gas phase oxygen 
sensors but there are few studies o f their use as sensors for dissolved oxygen. [26, 51] As 
described in chapter 1 and 3 the use of far-red/NIR lumophores have significant advantages 
such as lower sample decomposition and low background fluorescence. In addition 
phosphoresecnt dyes with long decay times can overcome problems with background 
intrinsic fluorescence as the background signal often decays faster that the lumophore. These 
characteristics make metalloporphyrins ideal lumophores for biomedical oxygen sensing 
applications.
5.3 Optical pH sensing
Fluorescent pH sensors are used in analytical chemistry, bioanalytical chemistry, cellular 
biology and medicine. Much attention has been focused on the development of pH sensors 
due to their widespread applications in industrial and hazardous environments, biomedical 
diagnoses, process control and scientific research, [49-54] and the development and use of 
fluorescent sensors to measure pH has been widely studied. [52,55-56]
The continuous monitoring o f blood pH is of high medical importance and there has been 
much research directed toward the development o f optical sensors for continuous pH 
measurement within blood and for tissue pH. [49-53] The measurement of pH is o f particular 
importance for patients who have suffered traumatic brain injury or stroke. Recent finding 
have shown that brain pH decreased from a normal pH o f 7.4 to a pH of 6.75 during the brain 
insult and that a continuous monitoring system would be beneficial in the treatment of 
comatose neurosurgical patients. [57-60] It has also been shown that the pH o f tumour cells is 
lower than that o f healthy cells, and the use of a simple pH sensitive fluorophore can 
distinguish between healthy cells and tumour cells. [61]
The development o f materials for incorporation into fibre optic based sensors has been at the 
centre o f many investigations. [60] Recently, the fiber optic system) was developed to 
measure intraparenchymal brain p 0 2, pC 02, and pH. (Paratrend 7, Biomedical Sensors, 
Malvern, PA
The monitoring o f pH in the building industry is also of vital importance. One important 
application is in monitoring and studying corrosion in reinforced concrete. Although it 
depends on the type o f concrete, the pH in concrete is normally around 12.6. However,
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through carbonization, which requires a relative humidity o f 50% to 85%, pH can be lowered 
to values around 8. Carbonization does not damage concrete itself, but is highly damaging to 
steel reinforcement. To protect against damage the steel reinforcement has a protective layer, 
which only develops at pH values greater 9.5. Understanding, monitoring and detecting the 
carbonization process in concrete is vitally important in the building industry. By measuring 
both humidity and pH, most chemical corrosion processes in concrete can be detected and 
monitored. If these processes are detected at an early state, they can be eliminated before any 
serious damages may occur. [72]
Many fluorophores show a sensitivity to pH, which is apparent as either a change in emission 
intensity or changes in the emission or absorption spectrum. The exact response to pH is 
usually dependent on fluorophore environment. Immobilisation in a polymer matrix, as is 
commonly required for a sensor device, often has three kinds o f effects on the fluroescecne 
response: a shift in fluorphore pKa, a change in spectral shape, and a change in the shape of 
the response curve. [4]
Many research groups have shown strong interest in incorporating fluorescein or its 
derivatives into substrates to prepare optical pH sensors. Hao et al. prepared a 
fluoresceinamine pH sensor at the surface o f polystyrene. [62] Badini et al. impregnated 
fluorescein isothiocyanate (FITC) into silica sol-gel. [69] Wang et al. prepared a long 
lifetime sensor based on (FITC). Millar et al. reported a new technique for viewing a sample 
and measuring surface that employs a coherent imaging fiber [71].) Recently Chen and co­
workers prepared an oligomeric pH indicator (fluorescein-formaldehyde) by an expedient 
one-pot method. [72]
Fluorene derivatives are also known to exhibiting high fluorescence quantum yields with 
excellent photostability and reversible pH dependence The good behaviour o f NR as a water- 
soluble colorimetric pH indicator is widely known and it has been successfully used in pH 
sensor applications in the past and it can be immobilized in polymers to give pH sensitive 
films. [72-73]
5.4 Innovations in optical thin film sensors
5.4.1 Micro and nano particle optical sensors
Chapter 1 details several classes o f micro and nanoparticulate materials used in sensor 
technologies. The incorporation o f lumophores into micro and nanoparticles has several
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advantages including a reduction in photobleaching and dye leaching, increase in storage 
stability, and control over shape, size and photochemical and chemical properties. [74-80] 
Key to the development of intracellular analyte sensors is the encapsulation o f the 
lumophores within nanoparticles, and the miniaturisation o f sensors systems to reduce the 
effects of using intracellular sensors on the cell itself. [74] Much research has centred around 
the miniaturisation of electrodes and fibre optics. [1] Common methods for single cell 
analysis include pulled optical fibres and electrodes, and chemically etched tips or tubes.
With diameters ranging from 20-500 nm PEBBLEs are a submicron sized class o f 
nanosensors. They are based on the use o f a polymer matrix to encapsulate an analyte 
sensitive lumophore and are designed to be minimally invasive and capable o f monitoring 
single cells in real time. PEBBLEs are an excellent way o f encapsulating lumophores. 
Several advantages o f PEBBLEs over naked dyes include: no interaction between the dye and 
cell, introduction o f more than one sensing analyte, and the introduction o f reference 
lumophores for ratiometric sensing. [74-79] PEBBLEs offer similar advantages for use in 
thin film sensors, including: a wide variety o f dyes as the limitation o f polymer solvent 
solubility is reduced, a large PEBBLE surface area, reduction in leaching from the sensor 
film which allows the use of a variety o f dyes that may be toxic to cells. Furthermore the 
ability to combine several PEBBLEs in one film offer the possibility o f a “lab on a chip 
sensor” for several parameters. [79-81] With biomedical applications in mind, a combination 
o f oxygen and pH sensing would be ideal.
Figure 5.1 a gives a diagrammatic representation o f a PEBBLE. The three main classes of 
PEBBLE that are commonly used have previously been discussed in chapter 1. The most 
interesting class o f PEBBLE for use in optical oxygen thin film sensors are PEBBLEs 
synthesized from tradition sol gel materials, e.g. oxygen permeable organically modified sol 
gel silica (ormosil) PEBBLEs. [81-83] The synthesis o f these PEBBLEs utilizes the materials 
and techniques developed in sol gel technology. Careful choice of the starting material can 
produce a spherical nanosphere comprising a two layer system as shown in figure 5.1b.
It has recently been shown that adsorption o f lumophores to mesoporous silica particles, or 
even simple thin-layer chromatography (TLC) plates, has been shown to yield oxygen 
sensors with a very rapid response. [85-86] Amao et al. have recently shown that lumophores 
sensitive to oxygen can be attached to silica and alumina in the form of TLC plates. For this 
they utilized the interaction between COOH on carboxyphenyl porphyrin and the silica 
material. [88]
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The use of lumophores in thin film sensors also allows a combinatorial approach to sensor 
design. Nanoparticles can be prepared which are sensitive or insensitive to a particular 
analyte, and then several o f these nanoparticles can be included within one film, reducing 
interaction between lumophores and reducing inner-filter effects caused by lumophores in 
different layers.
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5.5 Aims of this chapter
We describe the preparation and characterization of a series o f nanoparticles and self 
assembled silica sensing species for use in optical thin films sensors for oxygen and/or pH. 
The sensing materials are immobilised in either ormosil or a polyurethane hydrogel. The 
latter matrix is particularly useful for biomedical applications. The materials described here 
are all compatible with current fibre optic and LED systems.
5.5.1 Oxygen sensing material
Optical oxygen sensing system for both gaseous and dissolved oxygen in which luminescent 
nanoparticles are incorporated into a biologically compatible polyurethane hydrogel are 
described.
Little is known on the effect o f nanoparticle immobilization on the heterogeneity of PtOEP, 
therefore a study has been conducted to investigate changes in PtOEP kinetic heterogeneity in 
single and mutlilophore doped ormosil PEBBLEs using time resolve emission methods. 
Having examined the stability and gaining a better understanding o f the PtOEP ormosil 
PEBBLEs, optical thin film sensors based on ratiometric sensing o f gaseous and dissolved 
oxygen, have been developed. PtOEP is used as the oxygen sensitive lumophore with 
rhodamine 6G as the insensitive ratiometric reference. The results are discussed in terms of 
sensitivity and Stem-Volmer analysis.
A colorimetric oxygen sensor for gaseous and dissolved oxygen sensing is also described. 
Colorimetric sensing simplifies the sensing system for use without the need for any 
complicated instrumentation. . An initial study into the potential use o f PEBBLEs for 
colorimetric sensors has been undertaken using PtOEP and coumarin 153 doped ormosil 
PEBBLEs. The lumophores can both be excited at 382 nm, reducing the need for complex 
excitation systems and making the sensor compatible with cheap LED excitation sources 
[90].
5.5.2 pH sensing material
Cheap reliable alternative to immobilisation technologies may help to advance the field o f 
multiple analyte sensing. A number o f pH sensors based on the pH sensitivity o f 5,6- 
carboxyfluorescein fluorescence have been developed. A comparison has been made between
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sensors prepared using polyacrylamide nanospheres and those made using a simpler method 
based on an alumina self assembled material.
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5.6 Results and discussion
5.6.1 Time resolved studies-PtOEP ormosil PEBBLEs
Chapter 2 details the types o f sensors described in this work. We have previously shown that 
the emission decay o f PtOEP in type 1 thin organic film sensors under nitrogen can be well 
described using a double exponential fit, where the two emission lifetimes are due to either 
monomeric or dimeric PtOEP [45]. All unquenched emission decay curves for type 1 thin 
films sensors prepared using either an ethyl cellulose or polymer matix can be fitted using a 
double exponential with fixed rate constants as shown in equation 5.3 .
Y = A + <x,e'° 0527x + a2e'°'0'01x (5.3)
There is considerable interest in the use o f micro and nanoparticles for use as individual 
sensing elements for both intracellular sensing and, more general, thin film sensors 
Understanding the effect o f encapsulation on the lumophores kinetic heterogeneity is 
important in the design o f sensors using these materials.
5.6.2 Effect of concentration
5.6.2.1 Single lumophore sensor-type 2 sensors
Several examples o f PtOEP PEBBLEs are known in the literature and studies predominately 
involve steady state spectroscopy. Time resolved spectroscopy has been shown to give a good 
indication o f the kinetic heterogeneity o f PtOEP thin film sensors.
Figure 5.3 shows the unquenched time resolved emission o f PtOEP ormosil PEBBLEs 
prepared from increasing concentrations of PtOEP [1- 100 x 10' mol dm' ] immobilized in 
hydrogel thin film type 2 sensors (all prepared at the same PEBBLE:Polymer ratio and spin 
coating speed). There is a decrease in lifetime with increasing concentration as seen for type 
1 sensors described in chapter 4. At all concentrations kinetic fits were poor for a single
C O  c o
exponential as shown for the highest (25 x 10" mol d m ') and lowest (1 x 10' mol dm' ) 
concentration doped PEBBLEs (figure 5.4), whereas good fits to a double exponential decay 
were seen for all concentrations, (figure 5.5). There is no significant difference in the 
amplitudes and rates whether the film is wet or dry, (figue 5.6). Table 5.1 summarizes the 
rates and amplitudes for a free double exponential fit for the unquenched emission o f PtOEP 
in PtOEP ormosil PEBBLEs o f increasing concentration in hydrogel polymers in wet and dry
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films. The results o f fitting the unquenched decays to a double exponential in which the rate 
constants are fixed, as is appropriate for the monomer-dimer equilibrium model, are 
summarized in table 5.2. Analysis o f the data in Table 5.2 in terms o f a monomer-dimer is 
shown in figure. 5.7, from which Kd for in ormosil PEBBLEs is calculated to be 1000±70) 
mol _1dm‘3
5.6.2.2 Effect of PEBBLE size
For ormosil PEBBLEs the size of the PEBBLEs is related to the hydrolysis time and 
concentration o f PTMS during the initial synthetic step. As detailed in table 5.2. 100, 300 
and 500nm PEBBLEs were prepared, When the PEBBLEs are immobilised in hydrogel 
polymer, the unquenched emission shows a decrease in lifetime with decreasing PEBBLE 
size as shown in figure 5.8. The residuals from a double exponential are shown in figure 5.9 
and indicate that the goodness of fit increases with increasing PEBBLE hydrolysis time 
shown in the literature to be an increase in PEBBLE diameter. The rates and amplitudes from 
a free double exponential are summarized in table 5.3.
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Table 5.3 Summary o f published experimental conditions to synthesis PEBBLEs, [PTMS] 
and hydrolysis time used to control Ormosil particle size. ind ica tes experimental conditions 
used to prepare the ormosil PEBBLEs used in this study.
Average diameter/nm [PTMS]/M Hydrolysis time/min
800 0.06 0.5
570 0.06* 2
300 0.06* 4
280 0.03 20
150 0.02 20
100 0.01* 20
The time resolved emission decays o f PtOEP ormosil PEBBLEs of increasing diameter 
immobilized in hydrogel are shown in figure 5.8 All unquenched time resolved emission 
were all good fits to a double exponential. Analysis using a fixed rate analysis shows an 
increase in contribution o f the dimer with decreasing PEBBLE diameter, (suggested reason is 
a decrease in concentration). When added to a plot of the porphyrin concentration and 
a i/2 (a2) where ajis the amplitude o f the slow species representing a monomer and ci2 is the 
amplitude o f the fast species representing a dimer. Figure 5.9. All o f the single lumophore 
type 2 sensors discussed in this chapter can be described using the monomer dimer 
relationships. The contribution o f dimer increases with increasing PtOEP concentration and 
with decreasing PEBBLE size.
5.6.1.3 Dual lumophore sensor
5.6.1.3.1 Type 2 sensors
Lee et al. have recently prepared ratiometric PEBBLEs for intracellular oxygen sensing, 
using Rh6g as the reference dye. Figure 5.10 shows the unquenched time-resolved emission 
for PtOEP/Rh6G PEBBLEs incorporated in a hydrogel polymer as a wet and a dry film. Both 
decays show good free fits to the same double exponential decay with ai=0.08 (±0.002) and 
a2 0.92 (±0.002) and kt= 0.010 (±0.0008) x 106 s'1 and k2= 0.050 (±0.001) x 106 s'1. This 
suggests that the presence o f a second dye in the PEBBLE does not affect the kinetic 
heterogeneity.
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5.6.1.3.2 Type 3 and type 4 sensor
Figure 5.11 shows the time resolved emission decays for type 3 and 4 sensors, prepared by 
spin coating PtOEP ormsoil PEBBLEs on a precast C l53 hydrogel layer and spin coating 
PtOEP and C l53 PEBBLEs in a single layer respectively. Both show good fits to a double 
exponential with similar rates o f the fast and slow species for gaseous and dissolved oxygen. 
When the sensor was examined as a dissolved oxygen sensor, both the type 3 and 4 sensors 
showed good fits to double exponential analysis.
There appeared to be leaching of the Cl 53 layer of the type 3 sensors into the top ormosil 
layer, and although this did not affect the kinetic heterogeneity o f the ormosil sensing 
material, it was decided that, because of this, type 4 sensors were most suited for further 
investigation.
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5..6.2 Response characteristics of ormosil nanoparticles in hydrogel
5.6.2.1 Single lumophore sensor
5.6.2.1.1 Effect o f  concentration
A series o f PEBBLEs were prepared with differing concentrations o f PtOEP (1.4 to 24.5 x 10 
10'5 mol dm’3) The steady state and time resolved emission Stem-Volmer plots of PEBBLEs 
immobilized in hydrogel is shown in figure 5.12 . Both steady state and time resolved Stem 
Volmers show linear plots for both gaseous and dissolved oxygen.
5.6.2.1.2 Effect o f  PEBBLE size
The unquenched steady state emission of the PtOEP ormosil PEBBLEs immobilized in a 
hydrogel polymer in shown in figure 5.13, where the insert is the linear relationship between 
the PEBBLE size and maximum unquenched emission intensity o f the PtOEP 
PEBBLE/hydrogel.
5.6.2.2 Dual lumophore type 2 sensor
Rh6G is a fluorescent dye, insensitive to oxygen and has an excitation band overlapping with 
the Soret band o f PtOEP. An excitation wavelength of 382 nm was chosen to simultaneously 
excite both PtOEP and Rh6G, which give emission at 656 and 571 nm respectively. This 
simultaneous excitation reduces the need for complex excitation and detection systems.
There is no shift in emission maximum of PtOEP when immobilised in the ormosil 
nanosensors. Figure 5.14 shows the emission o f the dual lumophore ormosil PEBBLEs 
suspended in water as a function of increasing oxygen concentration. The PtOEP has a linear 
Stem-Volmer response to oxygen concentration.
5.6.2.2.1 Type 2 Thin film  sensors fo r  gaseous and dissolved oxygen sensing 
There is a slight red shift in the emission maximum of Rh6G when the ormosil nanosensors 
are immobilised in the hydrogel matrix which is thought to be a results o f the 
microenvironment of the PEBBLEs [38].
Figure 5.15 shows the luminescence emission from the dual lumophore PEBBLE 
immobilised in a hydrogel thin film sensor as a function o f increasing oxygen presure from 0 
to 320 Torr. The phosphorescent intensity from PtOEP decreases as the oxygen concentration 
increases while there is no change in the fluorescence intensity from Rh6G. Oxygen
206
quenching o f PtOEP over the pO i range 0 to 220 Torr gives a reasonably linear Stem-Volmer 
plot.
5.6.2.2.2Ratiometric sensing
The hydrogel sensing was also characterised as a ratio metric sensor for dissolved oxygen and 
figure 5.16 shows the results from ratio metric analyses for both gaseous and dissolved 
oxygen. In both cases linear ratio metric plots are obtained with identical Stem-Volmer 
constants when the solution phase data is expressed in terms of/?C>2 for a given [O2] (Ksv for 
gas and dissolved oxygen are 0.015± 0.003).
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Figure 5.22. CIE Colour chromaticity diagram representing the oxygen quenching (figure 
5.21) for a type 4 thin film sensors composed o f  lOOnm PtOEP and 5()0nm C l 53 ormsoil 
PEBBLEs. [92]
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5.6.2.3 Type 4 dual lumophore sensors
5.6.2.3.1 Colorimetric thin film  oxygen sensors
Colorimetric thin film sensorhave potential applications in MAP and biotechnology involving 
gaseous oxygen [89].
The emission colour from lumophore doped ormosil PEBBLEs can be controlled by both the 
size or the nanoparticle and the concentration of lumophore used to prepare the PEBBLEs. 
Figure 5.21 shows the emission of a type 4 sensor composed of lOOnm PtOEP and 800nm 
C153 Ormosil PEBBLEs (1:1 w:w ratio) as a function o f increasing oxygen concentration; 
the corresponding Stem Volmer plot is also shown. Figure 5.22 shown the emission o f the 
dual lumophore sensor in term o f CIE colour co-ordinates. The use o f PEBBLEs of differing 
diameter can be used to produce colorimetric sensors with differing responses to oxygen. 
Table 5.6 summarises the CIE colour co-ordinates for the unquenched emission from 100, 
300 and 500 nm PEBBLEs prepared from PtOEP, C l53 and Cl 10 .
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Table 5.6 A summary o f the CIE colour co-ordinates for the unquenched emission from 100, 
300 and 500 nm PEBBLEs prepared from PtOEP, C l53 and Cl 10
Oxygen sensing Reference element CIE co-ordinate CIE co-ordinate
element 100% nitrogen 100% Oxygen
lOOnm PtOEP lOOnm C153 0.69,0.31 0.08,0.75
PEBBLE PEBBLE
lOOnm PtOEP 300nm C153 0.69,0.31 0.15,0.60
PEBBLE PEBBLE
lOOnm PtOEP 500nm C153 0.69,0.31 0.31,0.61
PEBBLE PEBBLE
lOOnm PtOEP 500nm C110 0.69,0.31
PEBBLE PEBBLE
300nm PtOEP 0.69,0.35
PEBBLE
800nm PtOEP 0.55,0.45
PEBBLE
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5.6.30ptical pH sensing
5.6.3.1 Choice o f  material
5,6,Carboxyfluorescein was chosen as the pH indicator because it meets certain key criteria, 
namely: a high quantum yield of emission easily detectable at a single wavelength, 
compatibility with LED excitation sources, sensitive to pH in the physiological pH range 
(with pKa 6.5 [7]), and a carboxy group for immobilisation onto alumina to prevent 
leaching.[13] The hydrogel support matrix was chosen for its excellent mechanical 
properties, excellent stability across a range of pH [14], excellent water uptake, 
biocompatibility and low protein adsorption.
5.6.3.2 Optical Response
An indicator pKa o f around 7 is required for biotechnological and biomedical measurements 
at physiological pHs. The measured pKa depends on the intrinsic pKa o f the indicator and the 
indicator environment. Figure 5,25 shows the pH response o f aqueous 5,6 -  
carboxyfluorescein (CF); the pKa is 6.7. Figure 5.26 shows the response of 5,6 -  
carboxy fluoresce in, a) adsorbed onto alumina as a carboxyfluorescein-alumina SAM; and b) 
when this SAM is suspended in the polyurethane hydrogel. The pH response curves can be 
described well by equation 4. Table 5.7 collects emission characteristics for the dye in these 
three environments together with pH response data.
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The red shifts in emission maxima upon firstly immobilisation on alumina and then 
suspension in the hydrogel is likely to be a result o f varying electrical charges and does not 
effect the sensor response. [15] Similar behaviour has been seen for carboxyfluorescein when 
bound in p-HEMA and also polymer bound fluorescein. [4,15]
There is a small shift in pKa upon adsorption to alumina and a further small shift when these 
SAMs are suspended in the polyurethane hydrogel. A similar effect was seen when 
carboxyfluorescein was covalently attached to particles made from amino-modified 
poly(hydroyethyl methacrylate) The increase in pKa in the hydrogel might be attributable to a 
decrease in the polarity o f the microenvironment. [4,15] There is very little evidence of 
leaching from the self assembled material immobilised in the hydrogel polymer over a 
prolonged period in solution. Figure shows the fluorescence emission at pH 6.5 for the 
sensor at times o f 0, 1 hour and 5 hours.
5.6.3.3 Ratiometric p H  sensor
Tetraphenyl porphyrin has been used as a pH insensitive dye in both pH and carbon dioxide 
sensors. The emission spectra as a function o f pH of: a) TPP; b) TPP ormsoil PEBBLES; and 
c) TPP ormosil PEBBLES immobilized in hydrogel is shown in figure 5.28. There is no 
significant change in emission properties as a function of pH, although a small red shift in the 
emission maxima is seen when TPP immobilized in the ormosil nanospheres. Figure 5.29 
shows the emission properties o f a type 4 ratiometric pH sensor containing TPP/ormosil 
PEBBLEs and 5,6 CF/SAM. Linear and reproducible responses for both sensors were 
obtained in the pH range 6.8-8.0, which encompasses the clinically relevant range.
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5.6.4 Multi-analyte sensors
The previous sections describe the preparation o f 2 very different sensing materials, PtOEP 
ormosil PEBBLEs and CF-SAM, both with excellent photochemical responses to oxygen and 
pH respectively. A combination of oxygen and pH sensing is extremely important in 
biotechnology and biomedicine where a sensing system capable of detecting the parameters 
most influential to cell health (pH, oxygen, glucose, and lactate), that monitors in a non- 
invasive and non-interactive manner, requiring little human intervention, needs to be 
developed. Monitoring o f blood gases and pH can be critical during heamodialysis. 
Maintaining a critical oxygen and pH level in fermentation and bioprocessing is vital to 
maintain productivity and product purity
Simultaneous sensing or more than one analyte has several considerations, to simplify the 
instrumental aspect o f the sensing a single excitation source is wanted, good spectral 
separation o f emission and no cross sensitivity o f the analytes. Examples are known in the 
literature that employ phase modulation technology. Here we describe a sensing system that 
employs steady state emission from PtOEP ormosil PEBBLEs and CF/SAM material in a 
type 4 sensor with the potential for ratiometric sensing, which may improve the reliability o f
measurements without the need for complex lifetime determination.
PtOEP is an example o f a hypso porphyin with both Soret and Q bands. PtOEP and CF show 
good spectral overlap with 490nm being a suitable wavelength for excitation o f both 
lumophores.
Figure 5.30 shows the emission of a type 4 sensor as a function of increasing oxygen 
concentration with excitation at 490nm. The corresponding Stem-Volmer plot is linear as 
shown in the insert of figure 5.30. Changes in pH have little effect on the emission of PtOEP. 
The emission o f the multi analyte sensor as a function o f pH in both an oxygen free sample is 
shown in figure 5.31. The pH response can be describe well using equation 4 
There is little evidence o f leaching from either sensing material in the film over a 24 hr
period.
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5.6.5 Conclusions
The use of ormosil PEBBLEs is a convenient way o f encapuslting luminescent dyes before 
immobilization in a thin film sensor. The optical properties and response are unaltered by 
such a process. Unquenched emission decays can be described well using a double 
exponential analysis and can be modelled well using equation 5.3, corresponding to a 
monomer dimer equilibrium. [45] There is no significant change in the equilibrium constant 
when PtOEP is immobilized in the ormosil PEBBLEs. Although these materials are 
promising sensing material for both lifetime and steady state experiments, this study has 
concentrated on steady state methods. The use of analyte insensitive materials such as the 
fluorescent dyes rhodamine 6G and coumarin 153 allows the design of simple ratiometric and 
colorimetric sensors for optical oxygen sensing.
We have described an optical oxygen sensing system for both gaseous and dissolved oxygen 
based on the incorporation o f luminescent nanoparticles in a biologically compatible 
hydrogel. The system shows a linear response to changing oxygen concentration in both 
gaseous and aqueous systems and the ratiometric sensing provides a simple way of 
accounting for any fluctuations associated with intensity based sensing without the 
complicated instrumental set up needed for lifetime based sensors. Both lumophores can be 
simultaneously excited at 382nm reducing the need for complex excitation systems. The 
system is also compatible with cheap LED excitation sources. Examination o f the 
unquenched time resolved emission decay under nitrogen for the gaseous and solution studies 
shows a good fit to a double exponential as seen for previous studies involving PtOEP. [45, 
47] This provides two important conclusions i.e. neither immobilising PtOEP in ormosil 
nanoparticle nor the swelling of the hydrogel polymer with water affect the kinetic 
heterogeneity o f the PtOEP. The sensitivity, quenching constant and lifetimes o f PtOEP 
emission remain unchanged for the gas and dissolved oxygen sensor. The values are 
comparable to PtOEP immobilised in a polystyrene polymer and as such the hydrogel 
provides an excellent alternative to polystyrene for optical oxygen sensors. The sensing 
system has potential in biomedical and industrial applications.
A new easily prepared self assembled material for optically sensing pH in the physiological 
pH range has been developed and incorporated into a thin hydrogel film The fluorescent
230
indicator 5,6 carboxyfluorescein has been attached to alumina to produce a sensing material 
that overcomes the major problem o f leaching. When this material is immobilised in a 
biologically compatible hydrogel polymer the resulting sensor film shows good operational 
stability and can be calibrated well using equation 4. This method, involving use o f a SAM, 
offers a cheap and simple alternative to immobilization in microspheres or beads.
We suggest that a combinatorial approach to optical oxygen sensing is possible using ormosil 
PEBBLEs and SAMs. Aji example of a multi-analyte sensor for oxygen and pH showing 
excellent repsonse to the analyte has been developed which shows good response and no 
significant leaching from either material.
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Chapter 6 
Conclusions
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6.1 Conclusions
In this work several novel and known luminescent systems have been investigated for use in 
three different technological applications namely 1: near infrared probes for non-covalent 
labelling o f biomolecules, 2: kinetic heterogeneity o f a Pt porphyrin in optical thin film 
sensors, and 3:nanomaterials for optical analyte sensing. Particular attention has been paid to 
designing materials with useable characteristics applicable to biomedicine and biotechnology.
6.1.1 A squarylium dye as non-covalent protein probes
The squarylium dye (SQ-1) described in this work, incorporates the squaric acid group for 
added photostability and sulfobutyl groups for improved water solubility and reduced 
propensity to aggregate. The moderate photochemical properties improve significantly upon 
binding to albumins, which can be ascribed to electrostatic interactions. Excitation is 
compatible with common diode lasers and this increases the useability of the dye. Squarylium 
dyes are not commonly used in biomedicine, yet the imaging characteristics in 
paraformaldehyde fixed cells, and the low cytotoxicity, both suggest the possibility o f live 
cell imaging.
6.1.2 Understanding the kinetic heterogeneity of PtOEP based sensing materials
PtOEP is one o f the most commonly used metalloporphyrins for optical oxygen sensing. 
Understanding the kinetic heterogeneity o f PtOEP in optical thin film sensors is a step 
towards the design and implementation of a usable sensor. The unquenched time resolved 
emission o f PtOEP in polymer thin film sensors are all good fits to a double exponential. The 
concentration dependent time resolved emission o f PtOEP in ethyl cellulose and a 
biomedically compatible polymer can be modelled as a monomer:dimer equilibrium with 
increasing proportion o f dimer at higher PtOEP concentration and in the presence of 
plasticisiers. The hydrogel polymer shows excellent potential as a polymer for both gaseous 
and dissolved oxygen sensing, with no significant difference in the kinetic heterogeneity 
when wet or dry. The type 1 PtOEP/hydrogel sensor shows excellent sensing characteristics 
for an optical oxygen sensor operating in with steady state and lifetime mode.
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6.1.3 Nanomaterials for optical sensing
Nanomaterials are key to the development o f multianalyte sensing systems. Single and 
multilumophore ormosil nanoparticles can be prepared for a variety o f hydrophobic 
lumophores sensitive to different analytes. The nanoparticles can easily be immobilised in 
polymers to prepare thin film optical sensors for lifetime and steady state sensing. Ormosil 
nanoparticles are ideal for optical oxygen sensing, having the excellent properties associated 
with sol gel glasses but the added advantage o f being able to improve the hydrophilicity of 
the nanosphere by careful choice of the siloxane precursers.
PtOEP ormosil nanoparticles are efficiently quenched by molecular oxygen and this can be 
described well by the Stem-Volmer relationship yielding linear plots.
We have described an optical oxygen sensing system for both gaseous and dissolved oxygen 
based on the incorporation o f luminescent nanoparticles in a biologically compatible 
hydrogel. This sensor has potential application in both industrial and biomedical applications. 
The system shows a linear response to changing oxygen concentration in both gaseous and 
aqueous systems and the ratiometric sensing provides a simple way o f accounting for any 
fluctuations associated with intensity based sensing without the complicated instrumental set 
up needed for lifetime based sensors. The lumophores can be simultaneously excited at 
382nm reducing the need for complex excitation systems, and making the sensor compatible 
with cheap LED excitation sources. Comparison of the sensor response to either gaseous or 
dissolved oxygen shows no difference in either Stem-Volmer constants or curve fits to 
unquenched time-resolved emission decays.
A new easily prepared self assembled material for optically sensing pH in the physiological 
pH range has been developed and incorporated into a thin hydrogel film The fluorescent 
indicator 5,6 carboxyfluorescein has been attached to alumina to produce a sensing material 
that overcomes the major problem of leaching. When this material is immobilised in a 
biologically compatible hydrogel polymer the resulting sensor film shows good operational 
stability and can be calibrated well using equation 1. This method, involving use o f a SAM, 
offers a cheap and simple alternative to microspheres and beads.
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Once characterised the nanoparticles can be used for a combinatorial approach to designing 
ratiometric sensors for oxygen, pH and oxygen, and pH. Careful choice o f lumophore and 
nanoparticle preparation condition allows the design o f colorimetric sensing systems for the 
qualitative and semi quantitative determination of oxygen concentration for gaseous and 
dissolved oxygen
6.2 Final remarks
All the sensing material described in this study are compatible with currently commercially 
available LED and laser sources. The development o f new instrumentation, particularly that 
which is compatible with NIR dyes, is expected to enhance the development of this area or 
research significant.
Nanoparticles are key to the development of optical sensing, especially sensing on the 
microscale; they provide a photostable matrix for lumophore immobilisation and dramatically 
reduce leaching from the optical sensor. For intracellular analyte sensing, new materials for 
nanoparticles will be needed to reduce the size o f the nanoparticles, while it is expected that 
developments in surface functionalisation will aid biocompatibility.
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